AO'A049  310  HARRIS  CORP  MELBOURNE  FLA  ELECTRONIC  SYSTEMS  OIV  F/6  17/2 

analysis  of  jitter  characteristics  in  a pulse  STUFFINB  tom  NETW~ETC(U) 
JUN  77  J A 0RACIA*  T 0 ZO0AKIS  DCAlOO-76^-0072 


UNCLASSIFIED SBIE»AD-E100  005 NL 

J '3  nn 


A0483I0 


ADAU49310 


E IDD  OOi 


FINAL  REPORT 


ANALYSIS  OF  JITTER 
CHARACTERISTICS  IN  A PULSE 
STUFFING  TDM  NETWORK 


ejs 

a £Si 


D D C 

[nMS(?niLnG 

UjjAN  81  1978 


^nnr«d  tor  public  releoM: 
Dlatxlbation  Onllmited 


COMMUNICATIONS  AND 


HARRIS  CORPORATION  Electronic  Syatems  Division 
P O.  Box  37,  Melbourne.  Florida  32901  305/727-4000 


V 


r 

»■ 

1 

k 

i 

1 ^ 

1 

■ 

FINAL  REPORT 

‘ 

*«i 

ANALYSIS  OF  JITTER 

CHARACTERISTICS  IN  A PULSE 

f 

9m 

STUFFING  TDM  NETWORK 

E- 

1 

1 

1 

9m 

«• 

i 

• « 

• * 

•• 

1 

1 

UNCLASSIFIED 

•iECURITY  CLASSIFICATION  OF  THIS  PAGE  fl»llWm«l»  Enlmrtd) 

I REPORT  DOCUMENTATION  PAGE 


1.  REPORT  NUMBER 


READ  INSTRUCTIONS 
BEFORE  COMPLETING  FORM 


.OG  NUMBER 


J.  A. /Gracia 
*rJu>MAi\9  G./^ogakis 


0 


m 


^r~PERf ORMING  organization  NAME  AND  ADDRESS 

Hams  Corporation 

Electronic  Systems  Division 

P.  0.  Box  37,  Melbourne,  FL  32901 


U-  CONTROLLING  OFEICEJiAME  AN,0  ADDRESS  , 

Defense  ubmmum cations  Agency  /7i 

Contract  Management  Division  ( /N 

8th  and  South  Courthouse  Road  ^ 

Arlington,  VA  22204 


14.  monitoring  agency  name  a address///  ditiefnt  from  Controiting  OHIee) 

Defense  Communications  Engineering  Center 
1860  Uiehle  Ave. 

Reston , VA  22090 


16.  distribution  statement  (o{  tM»  Rmport) 

Approved  for  public  release; 
Distribution  unlimited 


17.  distribution  statement  (of  rhe  mbMtfCt  enferetf  /n  Block  20,  //  dlllmrent  from  Roporl) 


8.  CONTRACT  OR  GRANT  NUMBER/m; 


10.  program  ELEMENT.  PROJECT.  TASK 
AREA  8 WORK  UNIT  NUMBERS 


IS*.  DECLASSIFICATION/DOW^IGRADING 
SCHEDULE 


19.  KEY  WORDS  (Continue  on  reverae  aide  if  neeeaaary  and  identify  by  block  number) 


Synchronization 
Pulse  Stuffing  Multiplexer 
Phase  Jitter 

Positive-Negative  Stuffing 
Stuffing  Jitter  .. 


Waiting-Time  Jitter 

Simulation 

GASP  IV 

First  Level  Multiplexer 
Second  Level  M 


Test  Fixture 
Phase  Detector 
Data  Generator 
Test  Data 


2G  A^hRACT  (Continue  on  reverae  aide  if  neeeaaary  and  Identify  by  block  number) 


^he  purpose  of  this  study  and  breadboard  development  program  was  to  provide 
an  understanding  of  the  performance  of  networks  which  utilize  equipment  employ- 
ing pulse  stuffing  synchronization.  The  study  was  divided  into  two  phases. 

Phase  I covered  a)  analytical  investigations  of  jitter  characteristics,  b) 
recommended  jitter  specification  formulation  and  c)  development  of  a breadboard 
testbed.  Phase  II  covered  testbed  evaluation  and  experimentation. 

The  Phase  I study  approach  consisted  of  developing  three  tools  to  study  the 
jitter  problem;  a)  mathematical  models-  hi  a enftwarp  cimniRtnr'  anH  cl  a — 


FORM 
1 JAN  73 


EDITION  OF  I NOV  65  IS  OBSOLETE 


7=2_ 


UNCLASSIFIED 

sfcurity  classification  of  this  I 


jE  /ll^en  Data  Entered) 


security  classification  of  this  PACEriFhwi  Dmim  Entmrtd) 


^breadboard  testbed.  In  Phase  II  RMS  and  peak-to-peak  Jitter  data  were  collected 
and  analyzed  for  various  system  design  parameter  Inputs.  The  output  data  of  the 
test  and  evaluation  phase  were  compared  with  the  analysis  simulation  results. 
Descriptions  of  the  analysis  tools,  experiments,  and  results  for  both  phases 
are  Included  In  this  report. 


1 UNCLASSIFIED 

security  classification  of  this  PAOEriW>»n  Knlrmlj 


FOREWORD 


P: 

( 

* • 

Thts  report  describes  results  of  a Study  performed  for  the  Defense 
Communication  Agency  under  the  auspices  of  the  Defense  Communication  Engineering 
Center  under  contract  DCA-100-76-C-0072.  Mr.  Dave  Smith  has  served  as  Project 
Engineer  for  the  Center.  The  work  was  performed  during  the  period  August  1976 
through  June  1977,  under  the  direction  of  Mr.  Art  Richard  and  Dr.  Thomas  G.  Zogakis. 

This  report  was  submitted  by  the  authors  in  June  1977.  

The  authors  wish  to  acknowledge  the  significant  contributions  to  this 
program  by  Messrs.  Dave  Smith  and  Ken  Kirk  of  DCEC,  and  Mr.  Sam  Boor,  Dr.  Bibb 
Cain,  Messrs.  Ron  Ensley,  Hank  Eyster,  Ron  Huhn,  Mike  Luntz,  Jim  Proctor  and 
Art  Richard  of  Harris  ESD.  Special  acknowledgments  go  to  Mrs.  Melodie  Poe>  who 
diligently  finalized  the  manuscript,  and  Mr.  Ralph  Gilley  who  fabricated,  checked 
out  the  hardware  simulation  and  laboriously  collected  the  test  data. 


TABLE  OF  CONTENTS 


Paragraph  Title  Page 


1.0  INTRODUCTION 1-2 

1.1  Study  Objectives  1-3 

1.2  Study  Results 1-4 

1.3  Program  Assumptions  and  Conditions  1-6 

1.4  Report  Organization  1-8 

2.0  STUDY  APPROACH 2-2 

2.1  Approach  to  Phases  I and  II 2-2 

2.2  Objectives  of  Phase  I 2-7 

2.3  Objectives  of  Phase  II 2-9 

3.0  CATALOGING  OF  PULSE  STUFFING  MULTIPLEXER 

APPROACHES 3-2 

3.1  Categories  of  Pulse  Stuffing  Multiplexers  3-2 

3.2  Mechanism  of  a Pulse  Stuffing  Multiplexer  3-3 

3.3  Survey  of  Pulse  Stuffing  Multiplexer  Systems  3-7 

3.3.1  Pulse  Stuffing  Multiplexer  Approaches  3-9 

3. 3. 1.1  Bell  M12  Multiplexer  Output  Stream  Frame  Format.  . . . 3-9 

3. 3. 1.2  VICOM  Tl-4000  Multiplexer  Output  Stream  Frame 

Format 3-12 

3.3. 1.3  Martin/Marietta  AN/GSC-24  Multiplexer  Output 

Stream  Frame  Format  3-14 

3.3.2  Smoothing  Loop  Approaches 3-19 

3.4  Survey  of  First  Level  Multiplexer  Systems  3-21 

4.0  PULSE  STUFFING  MULTIPLEXER  ANALYSIS  APPROACH  4-2 

4.1  Analysis  Approach  4-2 

4.1.1  Phase  Jitter  Models  4-3 

4.1.2  Smoothed  Output  Jitter  Models  for  First  Order 

Loop  4-7 

4.1.3  Phase  Error  Model  for  a First  Order  Synchronizer 

Loop  Impacted  by  a Jittered  Input 4-11 

4.1.4  Smoothed  Output  Jitter  Models  for  Second 

Order  Loop 4-13 

4.1.5  Comparison  of  Smoothing  Filter  Capabilities 

Between  First  Order  and  Second  Order  Loops  4-16 

4.1.6  Static  Phase  Error  Attributed  to  Differences 

Between  Input  Signal  and  VCO  Nominal  Frequency  ...  4-18 

4.1.7  Audio  Channel  Performance  4-21 

4.2  Software  Simulator  Approach  4-24 

4.3  Hardware  Test  Bed  Approach 4-25 


iv 


T 


I 

- TABLE  OF  CONTENTS  (Continued) 


Paragraph  Title  Page 

5.0  DESIGN  CHARACTERISTICS  OF  PULSE  STUFFING 

MULTIPLEXER  NETWORK  SYSTEMS  5-2 

5.1  Output  Jitter  Characteristics  of  Second  Level 

Multiplexers  5-3 

5.1.1  Effects  of  Varying  the  Stuffing  Ratio  5-4 

5.1.2  Effects  of  a Smoothing  Loop 5-12 

5.1.3  Effects  of  Cascading  Second  Level  Multiplexers  ....  5-23 

5.2  Input  Jitter  Characteristics  of  First  Level 

Multiplexers  5-32 

5.3  Design  Characteristics  of  First  and  Second  Level 

Multiplexers  5-37 

5.3.1  Selecting  a Second  Level  Multiplexer  5-37 

5.3.2  Selecting  a Smoothing  Loop 5-38 

5.3.3  Selecting  a First  Level  Multiplexer  Bit 

Synchronizer  5-39 

6.0  IN-PLANT  TEST  AND  EVALUATION  (PHASE  II) 6-2 

6.1  Test  and  Evaluation  Summary 6-2 

6.2  Test  Matrix  Description  6-3 

6.3  Test  Setup  and  Configuration 6-6 

6.4  Evaluation  of  Test  Results  6-11 

6.4.1  Effects  on  Jitter  by  Varying  Smoothing  Loop 

Bandwidth  for  Bell  M12  and  VICOM  Tl-4000 

Parameters  (Tests  1 and  2) 6-11 


6.4.2  Effects  on  Jitter  by  Varying  the  Bits  Per 

Opportunity  Between  Stuffs  for  Bell  M12 
and  VICOM  Tl-4000  Parameters  (Tests  3 and  4)  ....  6-14 


6.4.3  Effects  on  Jitter  by  Varying  Smoothing  Loop 

Bandwidth  for  AN/GSC-24  Parameters  and  a 

Negative  Stuffing  Mode  (Test  5)  6-21 

6.4.4  Effects  on  Jitter  for  Tandem  Configurations 

(Tests  6,  7,  8,  and  9) 6-24 

6.4.5  Effects  on  Jitter  When  Varying  Data  Transport  Rate 

Phase  Angle  (Test  10)  6-29 

6.4. 5.1  Constant  Phase  Angle  for  All  Nodes  6-29 

6. 4. 5. 2 Variable  Phase  Angles  for  Three  Node  Tandem 

Configurations 6-29 

6.4.6  Effects  on  Jitter  When  Varying  the  Data  Transport 

Digit  Rate  (Test  11) 6-30 

6.4.7  Effects  on  Jitter  When  Varying  the  Tributary  Input 

Channel  Rate,  T1  (Test  12) 6-33 

6.4.8  Effects  of  Jitter  on  the  HN-74  E-CDS  Receive 

Unit  (Test  13) 6-33 

6.5  Examples  of  the  SLMS  Smoothing  Loop  Jittered 

Outputs 6-34 


V 


I 

J 

i 

i 

J 


1 

) 

n 


TABLE  OF  ILLUSTRATIONS 


Figure  Title  Page 


2.0  Study  Organization  2-3 

3.3. 1.1  Bell  M12  Multiplexer  Frame  Format  3-11 

3. 3. 1.2- 1  Subframe  Format  for  the  Four-Port 

Multiplexer 3-13 

3. 3. 1.2- 2  Control  Channel  Frame  for  the  Four-Port 

Multiplexer 3-13 

3. 3. 1.3- 1  AN/GSC-24  Multiplexer  Frame  Format  3-15 

3.3. 1.3- 2  Overhead  Message  Format  3-16 

3. 3. 1.3- 3  Example  of  Homogeneous  Sampling  Sequence  . . . 3-18 

3.4- 1  TSEC/CY-104  System,  Block  Diagram  3-22 

3.4- 2  HN-74  Timing  Recovery  Loop 3-23 

3.4- 3  HN-74  Bit  Time  Recovery  Operation  3-24 

4. 1.1- 1  Model  for  Unfiltered  Stuffing  Jitter 

(Positive  Stuffing  System)  4-4 

4. 1.1- 2  Waiting  Time  Jitter  4-6 

4. 1.1- 3  Peak  Value  of  Waiting  Time  Jitter  4-6 

4.1.3  First  Order  Smoothing  Loop  and  First 

Order  Bit  Synchronizer  Block  Diagram  ....  4-12 

4.1.4  Basic  Loop  Block  Diagram 4-14 

4. 1.5- 1  Frequency  Response  Comparison;  First-Order 

Loop  and  High-Gain  Second-Order  Loop  ....  4-17 

4. 1.5- 2  Normalized  3 dB  Bandwidth  Frequency 

Versus  Damping  Factor  4-19 

4. 1.7- 1  Curves  Plotting  Performance  Data  for  the 

HY-12 4-21 

4. 1.7- 2  Transmit-Filter  Response  of  HY-12 

Frequency  (kHz)  4-23 

4. 1.7- 3  Reconstruction  Filter  Response  of  HY-12  . . . 4-23 

4.2  MUXJIT  Simulator  Operation  4-26 

5. 1.1- 1  A Theoretical  Graph  of  the  RMS  Amplitude 

of  Filtered  Waiting  Time  Jitter  as  a 

Function  of  p with  H(f)  Assumed  to 

have  a Double  Pole  at  0.06  Cycle  per 

Stuffing  Opportunity  5-5 

5. 1.1- 2  RMS  Jitter  Versus  Stuffing  Ratio  for  the 

VICOM  Tl-4000  Parameters  and  Cutoff 

Bandwidth  of  46.75  Hz 5-7 

5. 1.1- 3  Peak-to-Peak  Jitter  Versus  Stuffing  Ratio  for 

the  VICOM  Tl-4000  Parameters  and  Cutoff 
Bandwidth  of  46.75  Hz  5-8 

5. 1.2- 1  Peak-to-Peak  Jitter  at  First  Order  Smoothing 

Loop  Output 5-13 

5. 1.2- 2  RMS  Jitter  at  First  Order  Smoothing  Loop 

Output 5-14 


TABLE  OF  ILLUSTRATIONS  (Continued) 


Figure 

5. 1.2- 3 

5. 1.2- 4 

5. 1.2- 5 

5. 1.2- 6 

5. 1.2- 7 

5. 1.2- 8 

5. 1.3- 1 

5. 1.3- 2 

5. 1.3- 3 

5. 1.3- 4 

5.2- 1 

5.2- 2 

5.2- 3 

6.3- 1 

6.3- 2 

6.3- 3 

6.4. 1- 1 

6.4. 1- 2 

6. 4. 2- 1 


Title  Page 


Stuffing  Jitter  Waveform  at  Output  of 

First  Order  Smoothing  Filter  5-16 

Instantaneous  Bit  Rate  Waveform  at  the 
Output  of  a First  Order  Smoothing  Filter 

Attributed  to  Stuffing  Jitter  5-16 

Rate  of  Change  of  Instantaneous  Bit  Rate 
at  the  Output  of  a First  Order  Smoothing 

Loop  Attributed  to  Stuffing  Jitter  5-17 

Phase  Jitter  Waveform  at  Output  of  First 

Order  Smoothing  Filter  5-21 

RMS  Jitter  Versus  Bandwidth  (fc)  for  the 

Bell  M12  and  VICOM  Tl-4000  5-24 

RMS  Jitter  Versus  Bandwidth  (f^)  for  the 

AN/GSC-24 5-25 

RMS  Jitter  vs  Number  of  Nodes  for  VICOM 

Tl-4000  5-28 

RMS  Jitter  vs  Number  of  Nodes  for  Bell  M12  . . 5-29 

Peak-to-Peak  Jitter  vs  Number  of  Nodes  for 

VICOM  Tl-4000  5-30 

Peak-to-Peak  Jitter  vs  Number  of  Nodes  for 

Bell  M12 5-31 

Effect  of  Pulse  Stuffing  Jitter  on  Data 
Recovery  Timing  for  a First  Order  Bit 

Synchronizer  5-33 

Effect  of  Pulse  Stuffing  Jitter  on  Data 
Recovery  Timing  for  a Second  Order  Bit 

Synchronizer  5-35 

Effect  of  Second  Order  Bit  Synchronizer 
Bandwidth  on  Peak  Error  Induced  by 
Pulse  Stuffing  Jitter 5-36 

Test  Setup  for  Measurement  of  2nd  Level 
Multiplexer/Demultiplexer  Simulator 

Output  Phase  Jitter  6-7 

Test  Setup  for  1st  Level  Multiplexer  Bit 

Error  Rate  Measurement 6-8 

Jitter  Simulator  Front  Panel  6-10 

RMS  Jitter  Versus  Bandwidth  (fc)  for  the 
Bell  M12  and  VICOM  Tl-4000  of  Test  1 
and  Test  2,  Respectively,  in  the  Test 

Matrix 6-12 

Peak-Peak  Jitter  Versus  Bandwidth  (fc)  for 
Bell  M12  and  VICOM  Tl-4000  of  Test  1 and 
Test  2,  Respectively,  in  the  Test  Matrix  . . 6-13 

RMS  Jitter  Versus  Stuffing  Ratio  (p)  for  the 
Bell  M12  for  Test  3 in  the  Test  Matrix  . . . 6-16 


1 

i 

1 

I 


L 


vin 


TABLE  OF  ILLUSTRATIONS  (Continued) 


Figure  Title 

6.4. 2- 2  RMS  Jitter  Versus  Stuffing  Ratio  (p) 

for  the  VICOM  T 1-4000  for  Test  4 in 

the  Test  Matrix  

6. 4. 2- 3  Peak-Peak  Jitter  Versus  Stuffing  Ratio  (p) 

for  the  Bell  M12  for  Test  3 in  the  Test 
Matrix  

6. 4. 2- 4  Peak-Peak  Jitter  Versus  Stuffing  Ratio  (p) 

for  the  VICOM  Tl-4000  for  Test  4 in  the 
Test  Matrix  

6.4. 3- 1  RMS  Jitter  Versus  Bandwidth  (f^)  for  the 

AN/GSC-24  of  Test  5 in  the  Test  Matrix  . . . 

6.4. 3- 2  Peak-Peak  Jitter  Versus  Bandwidth  (fc) 

for  the  AN/GSC-24  of  Test  5 in  the  Test 
Matrix  

6. 4. 4- 1  RMS  Jitter  Versus  Number  of  Nodes  for  Bell 

M12  for  Tests  1,  6,  and  7 in  the  Test 
Matrix  

6. 4. 4- 2  Peak-Peak  Jitter  Versus  Number  of  Nodes  for 

Bell  M12  for  Tests  1,  6,  and  7 in  the 
Test  Matrix  

6. 4. 4- 3  RMS  Jitter  Versus  Number  of  Nodes  for  VICOM 

Tl-4000  for  Tests  2,  8 and  9 in  the  Test 
Matri x 

6. 4. 4- 4  Peak-Peak  Jitter  Versus  Number  of  Nodes  for 

VICOM  Tl-4000  for  Tests  2,  8,  and  9 in 
the  Test  Matrix  

6. 4. 6- 1  RMS  Jitter  Versus  Stuffing  Ratio  (p)  for 

the  Bell  M12  for  Test  11  in  the  Test 
Matrix  

6.4. 6- 2  Peak-Peak  Jitter  Versus  Stuffing  Ratio  (p) 

for  the  Bell  M12  for  Test  11  in  the 

Test  Matrix  

6.5- 1  Input  Driving  Function,  a Phase  Between  T1 

and  TIS  

6.5- 2  Example  of  a Single  Stuffing  Interval  

6.5- 3  Jittered  Waveform  with  Rapid  Reset  for  Bell 

M12  Parameters,  fc=96  Hz,  Amplitude  Scale 
of  23.64  Degrees/Centimeter,  and  Time 
Scale  of  5 Milliseconds/Centimeter  

6.5- 4  Jittered  Waveform  for  Bell  M12  Parameters, 

fc=96  Hz,  Amplitude  Scale  of  47.28  Degrees/ 
Centimeter,  and  Time  Scale  of  5 Milliseconds/ 
Centimeter  

6.5- 5  Jittered  Waveform  with  Gradual  Reset  for 

p=.315,  fc=764  Hz,  Amplitude  Scale  of 
47.28  Degrees/Centimeter  and  Time  Scale 
of  1 Millisecond/Centimeter  

6.5- 6  Jitter  Waveform  Example  of  Figure  6.5-5 

with  a Time  Base  Scale  Factor  of 

5 Milliseconds/Centimeter  

ix 


TABLE  OF  ILLUSTRATIONS  (Continued) 


Figure  Title  Page 

6.5- 7  Jittered  Waveform  with  Rapid  Reset  for 

VICOM  Tl-4000  Parameters,  fc=382  Hz, 

Amplitude  Scale  of  47,28  Degrees/ 

Centimeter  and  Time  Scale  of  1 Milli- 
second/Centi meter  6-40 

6.5- 8  Jittered  Waveform  with  Rapid  Reset  for 

VICOM  Tl-4000  Parameters,  fc=764  Hz, 

Amplitude  Scale  of  47.28  Degrees/ 

Centimeter  and  Time  Scale  of  1 Milli- 
second/Centimeter   6-40 


.1 


i 

I 


I 


i 


I 

I 


LIST  OF  TABLES 


Table  Title  Page 


2.0  Interrelationship  of  the  Study  Tools  2-4 

3.3  Pulse  Stuffing  Multiplexer  System 

State-of-the-Art  3-8 

3.3.1  Comparison  of  Existing  Second  Level 

Multiplexers 3-10 

3. 3. 1.3  Port  Sampling  Sequence  3-19 

5.1.1  Waiting  Time  Jitter  Frequencies 

Observed  from  MUXJIT  Results  5-10 

6.2  Test  Matrix 6-4 

6. 4. 2- 1  Comparison  of  RMS  Jitter  for  MUXJIT  Using 

an  f-=46.75  Hz  and  SLMS  Using  an  fj.=48  Hz  . . 6-20 

6. 4. 2- 2  Comparison  of  Peak-Peak  Jitter  for  MUXJIT 

Using  an  fc=46.75  Hz  and  SLMS  Using  an 

fc=48  Hz 6-21 


xi 


1 


1.0  INTRODUCTION 

The  development  of  the  digital  Defense  Communications  System  (DCS) 
presents  many  technical  problems  related  to,  but  different  from  those  of 
developing  bandwidth  efficient  digital  transmission  equipments  for  operation  in 
a synchronous  system.  The  more  immediate  problems  are  those  of  transition  to  a 
digital  system  in  an  orderly  manner  through  a series  of  cost-effective  equipment 
upgrades  and  replacements  which  fulfill  the  near  term  performance  requirements 
and  are  compatible  with  the  ultimate  system.  One  such  problem  is  the  first  and 
second  level  multiplexing  functions  in  a digital  DCS  network  which  is  initially 
nonsynchronous. 

This  problem  contains  both  technological  and  economic  aspects  with 
regard  to  the  performance  and  cost  trade-offs  between  utilization  of  existing 
equipments  and  development  of  new  equipments.  A key  element  in  these  trade  con- 
siderations is  the  ability  to  understand  with  confidence  the  performance  of 
networks  which  contain  equipments  employing  pulse  stuffing  techniques. 

In  the  process  of  amassing  information  about  pulse  stuffing  networks. 
Defense  Communications  Agency  (DCA)  sponsored  this  effort  to  study  Jitter  Charac- 
teristics in  a Pulse  Stuffing  TDM  Network.  The  study  consisted  of  a two 
phase  effort.  Phase  one,  covered  three  of  the  four  tasks  in  the  statement 
of  work: 

Task  1 - Analytical  Investigation  of  Jitter  Characteristics 

Task  2 - Recommended  Jitter  Specification  Formulation 

Task  3 - Development  of  a Breadboard  Testbed 

Phase  two  covered  the  last  task: 

Task  4 - Breadboard  In  Plant  Test  and  Evaluation 

This  report  covers  the  study  results  elicited  from  both  phase  one  and  phase  two. 

In  support  of  the  analytical  investigation  (Task  1)  a combined  discrete 
event-continuous  software  simulation  has  also  been  developed.  This  simulation  has 
greatly  enhanced  our  time  domain  analysis  approach  in  the  formulation  of  jitter 
characteristics  and  has  provided  considerable  direction  for  formulating  experi- 
ments performed  in  Task  4.  The  overall  study  encompassed  analvsis,  software 
simulation,  and  hardware  simulation. 
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1.1 


study  Objectives 

The  primary  objective  of  this  study  was  to  provide  knowledge  of  the 
performance  of  networks  utilizing  pulse  stuffing  equipment  and  to  assist  DCA 
in  performing  the  above  trade-offs  by  quantifying  the  performance  of  existing 
equipments  and  concepts  through  both  analytical  and  empirical  means.  In  order 
to  better  delineate  the  primary  objective,  it  was  partitioned  into  a series  of 
specific  objectives  as  follows: 

• Characterize  Pulse  Stuffing  Jitter 

This  objective  was  to  gain  a thorough  understanding  of  the 
mechanisms  which  create  pulse  stuffing  and  waiting  time 
jitter  and  to  develop  quantitative  techniques  to  express 
their  characteristics. 

• Characterize  Existing  Pulse  Stuffing  Multiplexers 

This  objective  provided  a quantitative  understanding  of  the 
performance  of  the  existing  Tl-4000  and  AN/GSC-24  second 
level  multiplexers.  It  further  provided  an  understanding 
of  the  strengths  and  weaknesses  of  the  pulse  stuffing  jitter 
performance  of  these  devices  and  a qualitative  recommendation 
for  possible  improvements. 

• Characterize  Stuffing  Jitter  in  Tandem  Networks 

This  objective  provided  an  understanding  of  the  network  effects 
related  to  pulse  stuffing  jitter.  This  objective  will  charac- 
terize the  jitter  produced  by  n-tandemed  pulse  stuffing  multi- 
plexers in  network  configurations. 

• Determine  Stuffing  Jitter  Performance  Effects 

This  objective  provided  an  understanding  of  the  mechanisms  by 
which  first  level  multiplexer  performance  is  degraded  by  pulse 
stuffing  jitter.  It  also  provided  techniques  to  quanti- 
tatively express  the  performance  degradation. 

e Characterize  Existing  First  Level  Multiplexers 

This  objective  provided  a quantitative  understanding  of  perfor- 
mance of  an  existing  first  level  multiplexer,  TSEC/CY-104, 
as  a function  of  input  pulse  stuffing  jitter. 

• Develop  Specifications 

This  objective  provided  specifications  which  allow  pro- 
curement of  new  or  upgrading  of  existing  first  and  second 
level  multiplexing  equipment  to  provide  performance  of  a 
known  standard. 
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• Develop  a Testbed 

This  objective  provided  a method  to  enhance  the  theoretical 
analysis  by  providing  an  experimental  facility  with  suffi- 
cient flexibility  which  could  confirm  the  conceptual  analysis 
and  in  turn  force  the  analysis  to  look  at  practical  hardware 
limitations  and  hardware  introduced  problems.  In  addition, 
it  provided  a realistic  aspect  to  the  task  of  jitter  meas- 
urement required  to  verify  specification  compliance. 

• Testbed  Evaluation  and  Testing 

This  objective  consisted  of  an  in-plant  evaluation  of  the 
testbed  implementation.  It  was  also  desired  to  determine 
jitter  accumulation  characteristics  by  collecting  test  data 
on  the  output  of  single  and  multiple  multiplexer/ demulti- 
plexer simulator  connections  and  to  determine  the  perfor- 
mance of  a bit  timing  recovery  circuit  in  a tandem 
configuration. 

The  goal  was  to  provide  an  understanding  of  limitations  resulting  from 
the  use  of  existing  equipments  and  specifications  for  critical  parameters  for 
new  equipments  such  that  satisfactory  pulse  stuffing  jitter  performance  will  be 
achieved  in  the  transitional  digital  DCS. 


1.2  Study  Results 

The  study  results  which  have  evolved  in  the  effort  are  perhaps  better 
understood  when  presented  under  the  specific  study  objectives.  A brief  descrip- 
tion of  results  under  each  objective  is  presented  herein. 

• Characterization  of  Pulse  Stuffing  Jitter 

Pulse  stuffing  jitter  was  studied  under  the  separate 
categories  of  stuffing  jitter  and  waiting  time  jitter. 

Expressions  have  been  derived  to  describe  the  effects 
separately  in  order  to  provide  an  understanding  of 
each  category's  cause  and  effect.  This  is  instrumental 
in  establishing  trade-offs  for  the  smoothing  loop  design 
and  the  second  level  multiplexer  functional  approach. 

• Characterization  of  Existing  Pulse  Stuffing  Multiplexers 

Positive  stuffing  multiplexers  (such  as  the  Bell  M12 
and  VICOM  Tl-4000)  can  be  designed  to  operate  in 
regions  of  overall  lower  pulse  stuffing  phase  jitter, 
thereby,  alleviating  stringent  requirements  on  the 
smoothing  loop.  (A  more  economical  first  order  smooth- 
ing loop  thus  becomes  a realistic  candidate.)  Positive- 
zero-negative  multiplexers  (such  as  the  AN/GSC-24)  which 
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don't  have  the  additional  degree  of  freedom  of  selecting 
the  offset  frequency  range  are  forced  to  use  more  stringent 
smoothing  loop  filtering  in  order  to  achieve  the  same  over- 
all level  of  pulse  stuffing  phase  jitter. 

• Characterization  of  Stuffing  Jitter  in  Tandem  Networks 

Investigation  of  the  effects  of  cascading  second  level 
multiplexers,  using  the  software  simulator  MUXJIT, 
demonstrated  that  because  of  the  controls  designed  into 
second  level  multiplexers  RMS  jitter  does  not  necessarily 
increase  as  postulated  in  the  literature.  In  addition, 
it  is  noted  that  care  must  be  rendered  during  experimen- 
tation with  fielded  hardware  to  avoid  systematic  errors 
which  can  cause  erroneous  interpretation  of  results. 

• Determination  of  Stuffing  Jitter  Performance  Effects 

Basic  expressions  were  derived  concerning  the  trade-offs 
between  narrow  bandwidths  required  to  maintain  a high 
signal-to-noise  ratio  in  the  presence  of  spectrum  noise 
and  wide  bandwidths  required  to  track  the  incoming  jittered 
signal  and,  consequently,  reduce  the  signal-to-noise  ratio 
because  of  timing  errors. 

t Developed  Jitter  Specifications 

Jitter  slewing  and  cascading  specifications  were  developed 
to  MIL-STD-490  format  and  are  included  in  Appendix  A of 
this  report. 

t Developed  a Breadboard  Testbed 

A hardware  simulator  was  designed  and  implemented  during  this 
phase.  It  provides  three  sets  of  jitter  simulator  and  smooth- 
ing loop  functions  which  simulate  second  level  multiplexers. 
Documentation  of  this  design  is  contained  in  a companion 
document,  "Design  Plan  for  Pulse  Stuffing  TDM  Network  Study." 
The  study  has  shown  the  requirement  for  a special  Jitter 
Test  Set  needed  to  obtain  measurements  of  peak-to-peak 
phase  jitter  in  the  Second  Level  Multiplexer  Simulator 
(SLMS)  as  well  as  fielded  equipment.  This  is  basically 
done  by  obtaining  a plot  of  phase  variation  versus 
time. 

t Breadboard  Evaluation 

Jitter  data  were  generated,  collected  and  plotted  for  direct 
comparison  with  MUXJIT  results.  The  hardware  simulator  jitter 
data  compared  favorably  with  the  software  simulation. 
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Collection  of  Jitter  Characteristics  via  Breadboard  Experiments 

Jitter  data  were  collected  for  simulated  multiplexer/ demulti- 
plexer nodes  in  tandem.  The  results  did  not  show  any 
accumulation  of  jitter.  Duttweiler  type  curves  were  produced 
which  compare  favorably  with  the  theoretical  curve. 

Characterization  of  Existing  First  Level  Multiplexers 

Testing  using  the  hardware  simulator  and  the  E-CDS  Receive 
Unit  of  the  HN-74  in  the  TSEC/CY-104  Interface  Unit  was 
performed  during  Phase  II  of  this  program  to  measure  bit  error 
rates. 

1.3  Program  Assumptions  and  Conditions 

The  following  key  ground  rules  and  assumptions  have  been  established  to 
govern  the  conduct  of  technical  activity  during  this  study.  These  are  necessary 
because  a quick  search  of  the  literature  reveals  a certain  inconsistency  in  ter- 
minology, and  subsequent  discussion  can  conceivably  be  misconstrued  by  a reader's 
misunderstanding  of  nomenclature. 

1.  The  study  was  mainly  involved  with  second  level  multiplexers.  A second 
level  multiplexer  for  the  purpose  of  description  is  defined  as  one  which 
receives  and/or  disperses  sequential  streams  of  digital  data.  Each  stream 
is  handled  under  control  of  its  own  independent  clock  whose  rate  is  plesi- 
ochronous  with  the  other  rates  in  the  same  multiplexer.  (Plesiochronous 
is  defined  as  a signal  which  has  the  same  nominal  digit  rate  but  not 

i'  synchronized  to  other  signals  in  the  same  system.)  A first  level  multi- 

I plexer  was  consequently  defined  as  one  which  receives  and/or  disperses 

I data  under  control  of  one  master  clock.  Data  routed  through  a typically 

( 

■ deployed  system  passes  through  a first  level  multiplexer,  which  collects 

[ voice,  teletype,  telemetry,  etc.,  source  data,  a cascaded  sequence  of 

second  level  multiplexers/demultiplexers  which  permit  routing  and  trans- 
portation of  the  data  through  the  complex  network  maze  to  its  destination, 
and  a first  level  demultiplexer  which  delivers  the  data  to  its  destination. 

A first  level  multiplexer  was  involved  in  this  study  only  to  the  extent  that  it 
is  the  final  recipient  of  the  data  handled  by  the  second  level  multiplexers. 

It  must  be  able  to  synchronize  and  track  the  data  stream  without  data  loss 
(bit  slip).  To  clarify  terminology,  a multiplexer  unit  is  defined  to  have 
i the  capability  to  handle  both  the  multiplexing  and  demultiplexing  functions. 
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2.  The  technique  used  by  the  second  level  multiplexers  to  synchronize  the 
various  plesiochronous  data  streams  into  a single  time  division  multiplexed 
data  stream  was  assumed  to  be  pulse  stuffing  (justification).  Pulse  stuf- 
fing is  defined  as  the  process  for  changing  the  rate  of  a digital  stream 
in  a controlled  manner  so  that  it  can  accord  with  a rate  different  from 
its  own  inherent  rate,  normally,  without  loss  of  information. 

3.  The  jitter  effects  considered  in  this  study  were  those  caused  by  using 
pulse  stuffing  techniques  to  attain  data  stream  synchronization.  More 
specifically,  the  jitter  caused  by  removing  the  stuffed  bit  and  using  a 
smoothing  loop  which  does  not  compensate  perfectly  for  the  jitter  created 
in  the  data  stream  by  the  absence  of  that  bit  was  the  thesis  of  this 
investigation.  Other  effects  such  as  (a)  jitter  caused  by  the  uncertainty 
of  extracting  clock  from  bipolar  or  NRZ  data  without  a companion  timing 
signal  and,  (b)  variations  in  data  rates  such  as  doppler  effect  (if  the 
link  is  relayed  via  satellite),  environmental  influences,  etc.,  while 
pertinent  to  the  overall  jitter  problem  were  not  considered  within  the 
scope  or  objectives  of  this  study.  The  primary  objectives  were  to  study 
the  effects  of  pulse  stuffing  on  clock  timing,  which  drives  and  imports 
jitter  to  the  data  stream,  to  characterize  this  jitter  effect,  and  to 
contribute  techniques  to  specify  and  measure  pulse  stuffing  jitter. 


4.  It  was  postulated  that  in  applications  of  interest  the  output  data  stream 
from  the  first  level  multiplexer  could  be  encrypted  data.  In  order  to 
recover  the  information  transmitted,  it  is  imperative  that  bit  count 
integrity  be  preserved  in  the  data  stream  transmission  until  the  data 
reached  the  decrypting  device  in  the  first  level  demultiplexer.  Other 
criteria  such  as  the  effect  of  jitter  on  voice  channel  performance 
were  considered  beyond  the  scope  of  the  study.  Initial  calculations 
indicated  that  a moderate  amount  of  jitter  would  not  seriously  degrade 
voice  quality.  It  was  also  observed  that  criteria  to  determine  accep- 


table/unacceptable voice  degradation  is  difficult  to  attain  since  voice 


has  to  be  degraded  severely  before  it  can  be  unintelligible.  Consequently, 
bit  count  integrity  was  the  criteria  considered  to  determine  acceptable/ 
unacceptable  jitter. 
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5.  For  the  purpose  of  designing  the  hardware  simulator,  the  output  rate  of 
the  first  level  multiplexer  was  assumed  that  of  a Bell  T1  channel,  1.544 
MHz.  This  restriction  evolves  from  the  impractical ity  of  providing  a 
selectable  range  of  center  frequencies  for  the  smoothing  loop's  NCO 
(numerically  controlled  oscillator).  However,  this  condition  is  not 
overly  restrictive.  The  hardware  simulation  at  this  data  rate,  (a)  pro- 
motes a representative  insight  to  the  jitter  characteristics,  (b)  satisfies 
the  requirements  of  verifying  the  software  simulator  and  analysis  results 
and,  (c)  provides  the  practical  hardware  depth  to  the  problem  which  is  often 
lacking  in  the  pure  analysis  and  software  simulation  approaches. 

1.4  Report  Organization 

This  report  is  directed  primarily  at  the  analysis,  recommended  jitter 
specification  and  test  and  evaluation  tasks,  which  are  Task  1,  Task  2,  and  Task  4, 
respectively.  Task  3 is  the  Second  Level  Multiplexer  Testbed  development.  This 
breadboard  testbed  development  to  simulate  second  level  multiplexers  has  been 
discussed  in  detail  in  the  "Design  Plan  for  Pulse  Stuffing  TDM  Network  Study," 
which  was  submitted  earlier. 

Section  2 discusses  in  depth  the  overall  study  approach.  This  section 
is  necessary  to  understand  the  relevance  of  the  other  report  sections. 

Section  3 discusses  basic  definitions  necessary  for  the  study  and  an 
overall  model  of  the  operation  of  a pulse  stuffing  multiplexer.  In  addition,  it 
discusses  the  pertinent  state  of  the  art  data  for  existing  and  proposed  multi- 
plexers. This  information  was  obtained  from  a perusal  of  the  literature,  device 
specifications,  and  maintenance  manuals.  Information  obtained  and  documented  in 
Section  3 is  useful  in  setting  the  stage  for  the  analysis  approach. 

The  mathematical  models,  computer  simulation,  and  the  hardware  simulator 
are  described  in  Section  4.  In  essence,  the  approach  taken  to  analyze  the  pulse 
stuffing  TDM  phase  jitter  is  covered  in  the  description  of  these  three  tools. 

The  results  of  these  tools  are  discussed  in  Section  5.  The  basic 
effects  of  stuffing  ratio,  smoothing  loop  parameters,  and  cascaded  nodes  on  both 
stuffing  jitter  and  waiting  time  jitter  are  discussed.  In  addition,  trade-offs 
involved  in  selecting  a second  level  multiplexer,  a smoothing  loop  and  the  first 
level  multiplexer  bit  synchronizer  are  discussed.  These  trade-offs  include 
jitter  characteristic  impact  on  first  level  multiplexer  and  other  design  criteria. 


In  Section  6.0  the  results  of  the  test  and  evaluation  phase  are 
discussed.  This  includes  a description  of  the  test  matrix,  laboratory  test 
configuration,  and  a qualitative  analysis  of  the  individual  experiments  that 
were  performed. 

The  last  section.  Section  7,  contains  the  major  conclusions  and 
recommendations  of  the  study.  This  effort  has  uncovered  several  areas  for 
future  investigation  which  encompass  both  additional  analysis  and  hardware 
development. 
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STUDY  APPROACH 
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2.0  STUDY  APPROACH 

This  study  is  structured  around  the  requirements  of  the  SOW.  It 
is  a two  phase  effort  with  the  first  phase  covering  (1)  analysis,  (2)  jitter 
specifications  and  (3)  breadboard  test  bed  development.  The  fourth  and  last 
task,  test  bed  operational  verification  and  jitter  evaluation,  is  Phase  II. 

In  the  classical  study  epoch,  the  analysis  task  has  served  as  the 
Definition  Period,  the  jitter  specification  and  test  bed  development  acted 
as  the  Design  and  Development  Period  and  the  test  bed  study  results  verification 
served  as  an  Operational  Evaluation  Period. 

Figure  2.0,  Study  Organization,  outlines  the  flow  of  the  study  and 
its  interrelationships.  The  key  element  which  has  to  be  highlighted  is  the 
interrelationship  of  the  analysis,  software  simulator,  and  hardware  simulator. 
This  interrelationship  is  briefly  outlined  in  Table  2.0,  Interrelationship  of 
the  Study  Tools. 

2.1  Approach  to  Phases  I and  II 

There  were  three  specific  tasks  that  had  to  be  accomplished  under 
Phase  I.  Task  1 was  an  analysis  task  that  was  concerned  with  identifying  and 
analytically  evaluating  the  various  types  of  jitter  that  can  occur  in  pulse 
stuf-Ping  TDM  networks.  Its  primary  concern  was  with  the  analysis  and  charac- 
terization of  jitter  which  resides  on  the  output  of  a demultiplexer  as  a 
result  of  the  inability  of  a smoothing  loop  to  completely  compensate  for  the 
removal  of  stuff  bits.  In  addition,  other  types  of  jitter  that  can  occur 
were  identified,  i.e.,  waiting  time  jitter,  control  bit  extraction  from  the 
data  stream  jitter,  and  jitter  generated  from  component  instability. 

Task  1 analyses  were  performed  employing  mathematical  models  and 
computer  simulations.  Extensive  time  and  effort  were  expended  in  literature 
searches  and  document  reviews.  This  information  was  incorporated  into  the 
models  and  simulations  of  Task  1. 

Task  2 was  concerned  with  the  recommendation  of  jitter  specifica- 
tions for  DCS  multiplex  equipment.  These  recommendations  emerged  from  the 
results  of  the  analysis  performed  under  Task  1 and  have  been  reinforced  by 
the  results  of  Task  4.  Key  performance  parameters  and  methods  of  testing 
the  specifications  are  defined  where  practical.  There  are  cases  where  jitter 
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specifications  are  recoitmended  which  involve  special  test  equipment  or  an  extensive 
instrumentation  equipment  development  program.  They  have  been  noted  for  future  con- 
sideration assuming  the  development  of  more  sophisticated  jitter  measuring  equipment. 

Task  3 is  a breadboard  testbed  development.  A testbed  was  developed 
using  breadboard  circuitry.  Critical  parameters  which  have  been  identified  via 
Task  1,  can  be  varied  to  study  jitter  in  single  node  and  multinode  configurations. 
Three  jitter  simulators  and  their  corresponding  smoothing  loops  were  incorporated 
on  the  breadboard.  The  breadboard  circuitry  has  been  constructed  using  standard 
rack  mounted  hardware  to  facilitate  its  delivery.  The  implementation  of  this  test- 
bed has  been  described  in  a design  plan  which  was  submitted  to  DCA  for  review 
and  approval.  This  design  plan  contains  a comparative  discussion  of  candidate 
techniques,  a recommended  approach  and  a paper  design  of  the  recommended  test- 
bed. The  testbed  generates  an  equivalent  Bell  T1  1.544  Mbps  PCM  signal  and,  in 
addition,  provides  the  capability  to  tandem  a number  of  stuff/destuff  and 
smoothing  operations  on  the  signal  to  verify  the  method  in  which  jitter  accu- 
mulates. 

Phase  II,  Task  4,  represents  an  in-plant  test  and  evaluation  phase  for  the 
testbed  developed  in  Task  3.  A test  matrix  was  generated  and  incorporated  in  a 
test  plan.  Test  Plan  for  Analysis  of  Jitter  Characteristics  in  a Pulse  Stuffing 
TDM  Network,  which  v/as  approved  by  DCA.  This  test  matrix,  along  with 
a description  of  the  tests,  is  reported  in  this  document.  The  test  plan  contains 
the  detailed  test  procedures  for  each  experiment.  This  included  the  procedure  for 
testing  bit  error  rates  of  the  E-CDS  Receive  Unit  of  the  HN-74  from  the  CY-104 
first  level  multiplexer  when  stimulated  by  a jittered  waveform  from  the  testbed. 

In  Task  4 jitter  data  were  collected  for  various  parameter  changes.  Parameters 
which  were  varied  were  the  tributary  input  data  stream,  the  output  data  transport 
stream,  number  of  bits  per  stuffing  opportunity,  and  the  filter  bandwidth.  These 
data  have  reinforced  the  conclusions  that  were  generated  during  Task  1 and  have 
closed  the  loop  depicted  in  Figure  2.0  for  this  study. 

There  is  a high  degree  of  interaction  and  adaptive  feedback  between 
the  various  tasks  of  this  study.  An  overview  of  the  relationship  of  the  various 
tasks  in  this  study  is  shown  in  Figure  2.0.  Note  that  Task  1 is  the  driving 
influence  on  the  other  tasks.  It,  however,  is  adaptable  to  the  results  of  the 
other  tasks.  For  example.  Task  1 provides  information  from  research  and  analy- 
sis to  formulate  jitter  specifications.  Because  a desirable  specification  is 
not  well  defined,  this  prompts  more  analysis.  This  same  situation  arises  with 


Task  3.  Because  of  scaling,  parameter  range  determination,  and  stability 
requirements,  which  are  more  fully  identified  during  a design,  a need  arose 
for  additional  analysis.  Many  of  these  circumstances  arose  during  component 
selection  and  are  attributable  to  the  limitations  on  components  and  hardware 
design. 

Since  a major  portion  of  this  study  was  involved  in  the  analysis 
task,  it  is  appropriate  to  describe  the  approach.  First,  a literature  search 
was  undertaken  to  identify  state  of  the  art  approaches  and  to  identify  existing 
pertinent  first  level  and  second  level  multiplexer  parameters.  Existing  commer- 
cial practices  and  the  applicable  recommendations  of  CCITT,  Special  Study  Group 
D,  were  perused.  These  ideas  and  data  were  used  to  generate  mathematical  models 
of  peak-to-peak  and  RMS  jitter  in  pulse  stuffing  networks.  The  effect  of  a 
smoothing  loop  on  peak-to-peak  and  RMS  stuffing  jitter  and  the  impact  on  a bit 
synchronizer  for  a single  node  were  obtained.  However,  several  limitations 
occurred  for  the  mathematical  models.  It  is  difficult  to  analyze  sampled  data 
systems  with  varying  discrete  time  inputs.  Such  analysis  was  needed  to  charac- 
terize waiting  time  jitter  and  multi  node  effects.  Therefore,  a software  simula- 
tion had  to  be  constructed.  A simulation  using  GASP  IV  was  generated  to  obtain  a 
solution  for  the  waiting  time  jitter  and  cascading  effects  in  the  time  domain. 

The  results  from  the  math  model  for  a single  node  were  useful  in  checking  out 
the  program. 

The  software  simulation  can  handle  the  effects  of  a combined  contin- 
uous and  discrete  event  system,  provide  easy  to  analyze  waveform  "snapshots," 
and  conveniently  output  more  statistical  data  in  report  form.  The  simulation 
is  a time  domain  analysis,  and  this  implies  run  time  limitations  for  accuracy 
and  startup  transient.  However,  the  results  of  the  simulation  were  useful  in 
determining  parameters  for  the  hardware  development  and  recommended  jitter 
specifications  for  system  performance. 

For  Task  3 hardware  jitter  simulator/smoothing  loop  development,  the 
decision  to  design  a digital  phase  locked  loop  was  based  on  the  following  factors 

• The  ease  of  varying  the  system  parameters  over  the  ranges 
determined  by  the  Task  1 analysis. 

• Obtaining  the  maximum  hardware  and  experimental  flexibility 
with  minimum  cost. 

• Flexibility  in  making  modifications  and  additions  to  the 
hardware. 
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= It  is  felt  these  factors  provide  the  basis  for  a versatile,  flexible,  and  cost 

effective  testbed.  This  testbed  is  useful  for  evaluating  existing  multiplexer 
designs,  jitter  characteristics  and  accumulation,  confirming  or  denying  analy- 
tical results  and  simulations. 

2.2  Objectives  of  Phase  I 

The  overall  study  objectives  were  further  divided  so  each  task  hao  its 
own  set  of  objectives.  Because  of  their  top-down  origin,  the  individual  objectives 
are  not  divorced  from  each  other.  As  stated  previously,  the  primary  goals  of  this 
study  were  to  provide  knowledge  of  the  performance  of  networks  utilizing  pulse 
stuffing  equipment  and  to  assist  DCA  in  gaining  insight  for  performing  the 
trade-offs  necessary  to  choose  existing  equipments  and  concepts  for  future 
defense  networks.  This  study  utilizes  both  analytical  and  empirical  approaches 
to  obtain  these  objectives. 

Task  1,  which  is  an  analytical  investigation,  is,  in  general,  directed 
to  modeling  and  analyzing  the  jitter  created  in  second  level  multiplexers.  To 
be  more  specific.  Task  1 can  be  segmented  into  three  subtasks.  The  objectives 
of  subtask  1 are  the  following: 

• Perform  a literature  search  to  identify  existing  practices 
and  obtain  pertinent  data  for  first  and  second  level  mul- 
tiplexers. 

• Model  generic  pulse  stuffing  in  single  and  tandem  configurations 
for  both  positive  and  negative  stuffing. 

• Calculate  phase  jitter  at  the  output  of  generic  pulse  stuffing 
in  single  and  tandem  configurations.  This  is  essentially  to 
quantify  and  analyze  the  characteristics  of  jitter  accumulation 
in  tandem  multiplexer/demultiplexer  connections. 

• Study  the  effect  of  frequency  offset  (up  to  ±200  bps)  for  the 
nominal  1.544  Mbps  asynchronous  source  on  creation  of  jitter. 

• Generate  guidelines  for  judiciously  choosing  stuffing  ratios. 

0 Apply  analytical  models  to  the  specific  cases  of  the  VICOM 
Tl-4000,  Bell  M12,  and  AN/GSC-24  to  obtain  information  on 
the  characteristics  of  jitter. 

The  objectives  of  subtask  2 are  the  following: 

t Study  the  characteristics  of  first  level  demultiplexers 
with  attention  focused  on  the  TSEC/CY-104  bit  timing 
synchronizer. 

• Obtain  a model  for  a first  level  bit  synchronizer. 
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• Determine  the  effect  of  jittered  waveforms  on  this  phase- 
locked  loop  of  the  timing  recovery  circuit  to  obtain 
insight  into  the  mechanics  of  bit  slip,  acquisition 
frequency  range,  and  time  to  acquire. 

The  objectives  of  subtask  3 are  directed  toward  providing  information 
and  direction  for  the  other  Tasks  in  the  study.  The  following  objectives  fall 
under  subtask  3: 

• From  the  analysis  performed  in  subtask  1,  provide  information 
to  recommend  jitter  specifications  for  DCS  multiplex  equipment. 

• Employing  the  models  in  sub task  1,  determine  the  parametric 
values  necessary  to  design  and  implement  the  jitter  simulators 
and  smoothing  loops  in  Task  3. 

From  the  discussion  above,  it  is  tacit  that  the  results  of  Task  1 are 

needed  for  incorporation  in  the  other  tasks.  This  is  particularly  true  for 
Task  2.  The  objectives  of  Task  2 are  the  following: 

• From  the  inputs  provided  by  Task  1,  recommend  the 
maximum  jitter  allowed  on  second  level  demultiplexer 
outputs,  maximum  jitter  which  the  first  level  multi- 
plexer can  accept,  characteristics  of  jitter  accumu- 
lation with  tandem  multiplex/demuliplex  pairs,  and 
maximum  number  of  tandem  multiplex  connections  allowed 
before  the  first  level  demultiplexer  input  interface 
requirements  is  exceeded. 


• Word  the  specifications  such  that  they  will  be  based 
largely  on  industry  standards  and  terminology 

(MIL- STD-490). 

• Establish  acceptance  criteria  for  the  equipment  which 
are  readily  measurable  in  quantitative  terms  where 
possible. 

• Point  out  specifications  that  are  desirable,  but  the 
instrumentation  equipment  to  measure  acceptance  criteria 
in  quantitative  terms  has  to  be  developed. 

The  final  task  in  Phase  I is  the  development  of  a breadboard  testbed. 

The  objectives  of  Task  3 can  be  characterized  as  follows: 

• Design  and  implement  jitter  simulator/smoothing  loop  pairs 
with  sufficient  provisions  for  varying  critical  parameters 
to  determine  optimum  performance. 

§ Implement  the  testbed  facility  so  that  it  is  conducive  to 
verifying  the  analytical  results  of  Task  1. 
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• Construct  the  breadboard  circuitry  sufficiently  rugged  to 
allow  its  delivery  to  the  Government,  subsequent  to 
Phase  II  of  this  Study,  In-Plant  Test  and  Evaluation, 
for  additional  testing  at  RADC. 

• The  testbed  shall  use  a typical  equivalent  1.544  Mbps 
PCM  signal. 


2.3  Objectives  of  Phase  II 

Phase  II  was  composed  of  a single  task.  This  was  the  fourth  and  final 
task  in  the  study  and  was  directed  at  the  evaluation  of  the  testbed  facility  developed 
in  Task  3 and  the  accumulation  of  jitter  data  for  a variety  of  input  parameters. 

To  be  more  definitive.  Task  4 had  the  following  subgoals: 

• Gather  jitter  data  for  various  parametric  conditions.  These 
data  were  tabulated  and  plotted  for  peak-to-peak  and  RMS 
jitter  versus  bandwidth,  stuffing  ratio,  number  of  nodes, 
and  tributary  source  offsets  (up  to  ±200  bps). 

• Confirm  or  deny  analytical  models  by  comparing  the  data 
collected  in  the  above  subgoal  with  comparable  results 
of  the  analysis  in  Task  1. 

• Reinforce  the  conclusions  formulated  during  Task  1 as  to 
the  appropriateness  of  the  recommended  jitter  specifica- 
tions. This  includes  specifications  on  jitter  accumulation 
on  the  output  of  single  and  multiple  multiplexer/demulti- 
plexer connections. 

• Measure  the  susceptibility  of  the  HN-74  to  bit  slips  with 
respect  to  jitter  as  an  input  parameter  to  the  bit  timing 
recovery  circuit. 
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SECTION  3.0 

CATALOGING  OF  PULSE  STUFFING  MULTIPLEXER  APPROACHES 


3.0  CATALOGING  OF  PULSE  STUFFING  MULTIPLEXER  APPROACHES 

To  insure  that  the  pulse  stuffing  multiplexer  jitter  characteristics 
have  been  properly  addressed  it  was  first  necessary  to  survey  and  catalog  the 
various  approaches  to  pulse  stuffing  multiplexers,  to  determine  the  mechanism 
of  deployment  for  each  approach,  and  to  study  the  similarities  and  differences 
between  approaches.  This  information  formed  the  basis  for  building  mathematical 
models  to  study  pulse  stuffing  jitter.  This  three  step  effort,  conducted  as 
part  of  the  intensive  literature  survey,  served  as  the  core  of  the  Definition 
effort. 

The  survey  revealed  two  basic  types  of  pulse  stuffing  multiplexers: 

(a)  The  positive-negative  class  whose  data  transport  rate 
equals  the  mean  channel  data  rate  and  which  might 
lend  themselves  to  supporting  the  eventual  conversion 
to  synchronous  networks. 

(b)  The  transport  data  rate  offset  class  which  was  never 
intended  to  be  part  of  a synchronous  network  but  rather 
is  used  only  in  pulse  stuffing  multiplexer  networks. 

Since  the  first  level  multiplexer  is  the  prime  recipient  of  the 
jitter  generated  by  the  second  level  (pulse  stuffing)  multiplexers,  it  was 
necessary  to  direct  a portion  of  the  literature  search  to  survey  the  bit 
synchronizer  elements  of  a first  level  multiplexer.  Review  of  these  elements 
is  necessary  to  establish  criteria  for  tolerance  on  jitter  and  other  charac- 
teristic parameters  associated  with  pulse  stuffing  jitter. 

3. 1 Categories  of  Pulse  Stuffing  Multiplexers 

The  survey  identified  the  following  categories  of  pulse  stuffing 
multiplexers  and  their  definitions: 

I.  Transport  Data  Rate  Offset  Class 

(a)  Positive  Pulse  Stuffing  (Positive  Justification) 

The  provision  for  a fixed  number  of  dedicated  time  slots 
(normally  at  regular  intervals)  in  the  transport  digital 
signal  marks  this  category.  These  time  slots  are  being  used  to 
transmit  either  information  from  the  tributary  channels, 
or  no  information,  according  to  the  relative  bit  rates  of 
an  individual  tributary  channel  and  the  transport  digital 
signal.  Additional  inserted  bits  are  deleted  before  the 
distributary  channel  is  output. 


(b)  Negative  Pulse  Stuffing  (Negative  Justification) 

The  controlled  deletion  of  bits  from  the  tributary  channel 
digital  signal  at  dedicated  time  slot  locations  is  charac- 
teristic of  this  category.  The  bit  rates  of  an  individual 
tributary  channel  correspond  to  the  bit  rate  of  the  trans- 
port digital  signal.  The  information  content  of  the  deleted 
bit  is  carried  in  an  overhead  bit  of  the  transport  digital 
signal  and  a bit  containing  this  information  is  reinserted 
before  the  distributary  channel  is  output. 

II.  Positive-Negative  Class 

(a)  Positive- Zero-Negative  Pulse  Stuffing  (Positive-Zero-Negative 
Justifi cation) 

This  is  a combination  of  the  two  prior  techniques  where  the 
bit  rate  of  the  transport  digital  signal  is  usually  equal  to 
the  mean  tributary  channel  rate  and  either  positive  or  negative 
stuffing  is  used  depending  upon  the  variation  of  the  digital 
rate  of  the  tributary  channel.  A no  stuff  (zero)  command  is 
used  if  no  rate  adjustment  is  needed. 

(b)  Positive-Negative  Pulse  Stuffing  (Positive-Negative  Justification) 

This  is  an  approach  which  differs  from  the  prior  one  in  that 
either  a positive  stuff  or  negative  stuff  command  must  be  issued 
at  every  stuffing  slot.  Zero  stuffing  is  achieved  by  alter- 
nating a positive  and  negative  stuff.  This  approach  only 
requires  two  commands  - positive  stuff  and  negative  stuff. 


3.2  Mechanism  of  a Pulse  Stuffing  Multiplexer 

The  second  step  in  the  literature  survey  was  to  postulate  a pulse 
stuffing  multiplexer  mechanism  model  and  to  refine  the  model  definition  during 
the  course  of  the  literature  search.  This  model  is  presented  here  to  serve 
as  a definition  in  the  characterization  of  pulse  stuffing  multiplexer  jitter. 

The  model  involves  three  component  elements  - a multiplexer  mechanism, 
a demultiplexer  mechanism,  and  a smoothing  loop  mechanism.  The  multiplexer 
receives  the  tributary  channel  data  into  an  elastic  buffer.  These  data  are 
input  to  the  buffer  under  control  of  the  tributary  channel  clock.  The  data 
are  read  out  of  the  elastic  buffer  under  control  of  the  multiplexer's  master 
clock.  For  each  tributary  channel  a set  of  overhead  digits  and  data  buffer 
digits  are  carried  on  the  multiplexers  output  stream.  The  overhead  digits 
carry  information  to  the  demultiplexer  such  as  frame  sync,  stuff  bit  status 
or  control,  and  in  the  case  of  negative  stuffing  the  information  (polarity) 
of  the  deleted  bit.  The  data  transport  digits  are  composed  of  data  digits 
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and  in  the  case  of  positive  stuffing  filler  or  stuff  digits.  The  average  rate  | 

that  data  are  read  out  of  the  elastic  buffer  is  the  data  transport  digit  rate.  j 

The  instantaneous  rate  is  the  master  clock  rate  divided  by  the  number  of  tri- 
butary channels. 

The  decision  to  insert  or  delete  (stuff)  a digit  is  normally  rendered  - 

by  phase  comparator  circuitry  which  accompanies  the  elastic  buffer  in  the  multi-  j 

plexer  tributary  channel  input.  This  decision  (stuff  request)  is  rendered  by 
the  phase  comparator  when  the  phase  difference  between  the  buffer  read  and  write 
clocks  is  off  by  one  digit  or  greater.  For  the  channel  in  question,  the  actual 
stuffing  operation  cannot  occur  until  a stuffing  opportunity  occurs.  Each 
tributary  channel  is  allowed  an  opportunity  to  stuff  periodically.  Prior  to 
this  actual  stuffing  operation,  the  overhead  digits  must  carry  information  to 
the  demultiplexer  as  to  whether  a stuff  will  occur.  In  addition,  for  negative 
stuffing  one  of  these  overhead  digits  (the  sense  digit)  actually  represents  the 
"stuffing  opportunity."  For  this  case,  once  a stuff  request  is  acknowledged, 
the  next  sense  digit  is  "loaded"  by  the  next  sequential  data  digit  in  the 
channel.  Hence,  it  transports  the  information  to  the  demultiplexer  where  it 
is  removed  and  reinserted  sequentially  into  the  channels'  data  stream. 

An  exception  to  the  prior  discussed  stuffing  algorithm  is  that  used 
by  a positive-negative  stuffing  multiplexer.  For  a positive-negative  multiplexer 
a deviation  to  this  algorithm  is  required.  In  this  multiplexer  a positive  and 
negative  stuff  are  alternated  every  other  opportunity  when  no  stuff  request 
exists.  When  a request  for  either  a positive  or  negative  stuff  arrives,  it  is 
honored  at  the  next  possible  stuffing  opportunity.  That  is,  when  the  next 
available  proper  stuff  opportunity  arrives,  the  alternating  sequence  is  inter- 
rupted and  the  specific  requested  stuff  is  accomplished.  The  alternating 
sequence  is  then  resumed.  ^ 

In  the  demultiplexer  the  data  transport  digits  are  written  into  another 
elastic  buffer  at  the  data  transport  digit  rate.  The  multiplexer-demultiplexer 
data  transport  communications  are  done  synchronously  so  the  master  clock  of  the 
demultiplexer  is  synchronized  to  the  multiplexer  rate.  When  a positive  stuff 
occurs,  the  stuff  digit  is  deleted  by  inhibiting  the  write  clock  for  that  bit 
period.  When  a negative  stuff  occurs,  accompanying  circuitry  obtains  the  data 
bit  information  from  the  sense  digit  and  properly  inserts  it  into  the  elastic  j 

buffer  inbetween  the  other  data  digit  writes.  1 


The  digits  being  written  into  this  second  elastic  buffer  are  meso- 
chronous  with  the  original  signal  since  all  bits  are  being  delivered  and  no 
bit  accumulation  build-up  is  occurring  in  the  system.  (Signals  are  mesochro- 
nous  if  their  corresponding  significant  instants  occur  at  the  same  average 
rate.  Usually,  the  phase  relationship  between  corresponding  significant 
instants  varies  between  specified  limits.)  The  data  being  written  into  the  buf- 
fer is  at  an  instantaneous  rate  which  is  equal  to  the  data  transport  digit  rate. 
This  rate  is  different  from  the  original  data  rate  of  the  tributary  channel. 

The  rates  are  made  mesochronous  by  the  dramatic  discontinuities  in  the  data 
stream  (missing  clock  bits  and  double  clock  bits).  This  jittered  clock  rate 
is  not  acceptable  for  most  devices  (first  level  multiplexers,  decryptors,  etc.) 
Therefore,  to  remove  the  jitter  or  "smooth-out"  the  data,  a phaselocked 
"smoothing"  loop  is  used  to  read  the  data  from  the  elastic  buffer.  Since  data 
channels  are  plesiochronous  among  themselves,  then  each  channel  is  required  to 
have  its  own  separate  smoothing  loop.  The  mission  of  the  smoothing  loop  is  not 
to  track  the  signal,  as  is  customary  for  phaselocked  loops,  but  rather  to 
attempt  to  duplicate  a fairly  stable  source  (the  input  signal).  Consequently, 
the  smoothing  loop  is  picked  to  have  an  extremely  "sluggish"  response,  and, 
hence,  filter  jitter  induced  by  the  discontinuities  in  the  data  stream. 

The  smoothing  loop  is  driven  by  a signal  derived  from  a phase 
detector  which  takes  the  difference  from  the  elastic  buffer  write-clock  (the 
jittered  data  transport  digit  rate)  and  the  read-clock  (the  output  of  the  loop 
itself).  This  error  signal  provides  the  stimulus  necessary  to  drive  and  to 
hold  the  loop's  digit  rate  at  the  average  of  the  original  input  signal,  thereby 
making  both  of  those  signals  mesochronous.  The  literature  survey  identified  a 
mixture  of  first  order  and  second  order  loops  used  in  this  application.  Some 
of  the  positive  stuffing  multiplexers  used  a first  order  loop.  The  positive- 
zero-negative  multiplexer  orignally  used  a first  order  loop  for  the  prototype, 
but  has  since  switched  to  a second  order  loop. 

The  following  definitions  and  assumptions  are  derived  from  the 
model  described  above  and  are  necessary  to  further  define  the  study  effort. 

These  definitions  have  been  selected  to  cover  the  broadest  possible  usage 
encountered  in  the  literature  search.  Moreover,  they  are  deemed  necessary 
to  this  discussion  to  help  arbitrate  cases  where  either  different  terms  or 
different  interpretations  appear  in  the  literature.  Part  of  the  vocabulary 
differences  arise  in  the  literature  where  one  specific  pulse  stuffing  approach 
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was  reviewed  and  no  requirement  existed  to  make  these  terms  general  to  all  four 

approaches. 

Stuffing  technique  - the  category  of  the  pulse  stuffing  multiplexer  (i.e., 
positive  pulse  stuffing,  negative  pulse  stuffing,  positive-zero-negative 
pulse  stuffing,  and  positive-negative  pulse  stuffing). 

Tributary  channel  input  rate  - the  digit  rate  of  an  input  channel,  it  is 
normally  the  output  rate  of  a first  level  multiplexer. 

Multiplexer  output  stream  rate  - the  digit  rate  of  the  second  level  multiplexer 
output  stream. 

Output  rate  per  tributary  channel  - the  tributary  channel  contribution  to  the 
multiplexer  output  stream  rate  normally  is  equal  to  the  digit  output  stream 
rate  divided  by  the  maximum  number  of  tributary  channels  for  the  specific 
configuration.  This  is  equal  to  the  digit  rate  of  the  overhead  digits  and 
data  transport  digits  associated  with  the  operation  of  transporting  that 
channel's  information  on  the  multiplexer  output  stream. 

Overhead  digits  - the  overhead  digits  normally  consist  of  two  district  types: 

housekeeping  digits  which  are  added,  normally  at  regular  time  intervals 
to  the  digital  signal  to  enable  the  equipment  associated  with  the  digital 
signal  to  function  correctly,  and  possibly  to  provide  ancillary  facilities 
(i.e.,  frame  marking,  etc.) 

stuffing  service  digits  which  transmit  information  concerning  the  status 
of  the  stuffing  digit  time  slot  and  includes  the  sense  digit  (overhead 
digit  which  transports  the  information  contained  in  the  digit  deleted 
from  the  tributary  channel  input  stream  in  a negative  stuffing  situation). 

Data  transport  digits  - the  data  transport  digits  consist  of  the  inclusive 
set  of  data  digits  and  stuffing  digits  associated  with  transporting  a 
given  tributary  channel  input  on  the  multiplexer  output  stream.  Data 
digits  consist' of  digits  carrying  the  information  of  the  tributary 
channel  (Note,  this  excludes  the  sense  bit.)  Stuffing  digits  are 
redundant  digits  inserted  in  a stuffing  digit  time  slot  when  that  time 
slot  does  not  contain  a data  digit. 

Data  transport  rate  - the  average  digit  rate  at  which  the  data  transport 
digits  are  moved  on  the  multiplexer  output  stream.  It  should  be  noted 
that  this  rate  is  different  from  the  instantaneous  data  transport  digit 
rate.  The  instantaneous  rate  is  equal  to  the  multiplexer  output  rate 
divided  by  the  number  of  tributary  channels. 

It  was  assumed  that  the  study  of  the  impact  of  overhead  digits  (their 
insertion  in  and  deletion  from  the  multiplexer  output  stream)  on  pulse 
stuffing  multiplex  jitter  was  beyond  the  scope  of  this  effort.  It  is 
noted  that  the  overhead  digits  are  a fixed  ratio  of  the  data  transport 
digits  and  that  their  rate  is  several  times  greater  than  the  stuffing 
digit  rate.  Consequently,  for  the  modelling  done  in  this  study,  the 
data  transport  rate  is  assumed  to  be  the  instantaneous  digit  rate. 
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This  assumption  is  one  that  has  been  made  in  most  analyses  discussed 
in  the  literature  (Ref.  1,2,3).  One  study  (Ref.  3)  does  discuss  the 
effect  of  overhead  digit  operations  on  pulse  stuffing  multiplexer 
jitter. 

Stuffable  digit  time  slot  - Either  (a)  a digit  time  slot  for  positive 
stuffing  situations  of  the  data  transport  digit  which  may  contain 
either  an  information  (data)  digit  or  a stuffing  digit  or  (b)  for 
negative  stuffing  situations  the  respective  location  of  a sense 
bit  with  respect  to  the  data  transport  digits. 

Stuffing  opportunity  - the  arrival  of  a stuffable  digit  time  slot  in  the 
digit  stream. 

Stuffing  interval  - the  number  of  data  transport  digits  per  stuffing  oppor- 
tunity. (Note  the  interval  includes  one  stuffable  digit  time  slot). 

Stuffing  opportunity  rate  - the  digit  rate  of  arrival  of  stuffable  digit 
time  slots  in  the  digit  stream,  which  is  normally  computed  by  dividing 
data  transport  rate  by  the  stuffing  interval. 

Stuffing  rate  - the  rate  at  which  stuffing  digits  are  inserted  or  sense 
bits  are  actually  employed.  This  is  normally  the  absolute  value  of 
the  difference  between  the  data  transport  rate  and  tributary  channel 
input  rate.  (Note  that  if  the  absolute  value  were  not  employed  for 
a positive  stuffing  situation  the  true  value  of  this  rate  would  be 
positive  while  for  a negative  stuffing  situation  the  value  would  be 
negative. ) 

Stuffing  ratio  - the  ratio  of  the  stuffing  rate  divided  by  the  stuffing 
opportunity  rate.  (Note  this  is  often  explained  as  the  number  of 
stuffs  to  number  of  opportunities  for  a given  time  period.) 

VCO  Initial  rate  - This  is  the  digit  rate  of  frequency  of  the  smoothing 
loop's  undisturbed  VCO.  In  a normal  phase  locked  loop  application, 
the  frequency  is  offset  to  that  of  the  input  signal.  In  the  smoothing 
loop  application,  the  objective  is  to  offset  the  frequency  to  the 
input  rate  of  the  tributary  channel.  The  information  of  the  tribu- 
tary channel  input  is  obtained  from  the  jittered  output  of  the  de- 
multiplexer which  is  mesochronous  to  it. 


3.3  Survey  of  Pulse  Stuffing  Multiplexer  Systems 

A prime  objective  of  the  literature  search  was  to  establish  present 
and  proposed  implementations  of  second  level  multiplexers.  Findings  of  this 
search  are  outlined  in  Table  3.3.  Proposed  implementations  described  herein 
are  recommendations  found  in  the  literature  for  future  implementation.  The 
table  shows  categories  of  pulse  stuffing  multiplexers  and  smoothing  loops. 
Although  they  are  elements  of  second  level  multiplexer  systems,  they  truly 
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are  separate  components  and  are  often  the  subject  of  separate  discussions.  It 
is  also  noted  that  this  constitutes  two  separate  areas  of  investigation.  The 
pulse  stuffing  approach  addresses  the  area  of  synchronizing  the  basically  asyn- 
chronous signals.  The  smoothing  loop  topic  considers  retiming  the  signal  at 
the  distribution  end  of  the  system. 

3.3.1  Pulse  Stuffing  Multiplexer  Approaches 

There  were  three  pulse  stuffing  multiplexers  reviewed  during  the 
literature  search  - Bell  M12,  VICOM  Tl-4000  and  Martin/Marietta  AN/GSC-24.  The 
first  two  use  a positive  pulse  stuffing  approach.  The  third  one  uses  a posi- 
tive-zero-negative pulse  stuffing  approach.  In  addition,  the  recomnendation 
in  the  CCITT  by  the  U.S.S.R.  and  the  Australian  Post  Office  for  a positive- 
negative approach  was  reviewed.  The  decision,  as  a result  of  this  literature 
review,  was  that  this  study  should  address  the  positive  stuffing  approach  and 
the  positive- zero-negative  approach.  While  the  literature  was  very  enthusiastic 
about  the  positive-negative  approach,  it  was  considered  that  an  analysis  of  this 
approach  was  beyond  the  scope  of  the  present  study. 

Table  3.3.1  shows  a brief  comparison  of  the  three  implemented  approaches. 
The  Bell  M12  is  a 4-channel  multiplexer.  For  the  VICOM  Tl-4000  a 4-channel  ver- 
sion of  the  second  level  multiplexer  was  selected.  The  AN/GSC-24  is  a versatile 
machine  which  can  accept  inputs  ranging  up  to  3 MHz.  The  characteristics  shown 
in  the  table  are  those  selected  for  one  configuration  which  closely  matches  the 
other  two  multiplexer  configurations.  Wiiilc  Lne  ajr^rv  shows  differences 
between  the  three  multiplexers,  it  is  necessary  to  discuss  the  multiplexed  out- 
put stream  data  formats  of  each  so  that  better  insight  can  be  attained  as  to 
the  actual  operation  of  a pulse  stuffing  multiplexer. 

3.3. 1.1  Bell  M12  Multiplexer  Output  Stream  Frame  Format 

Figure  3.3. 1.1  shows  the  format  of  the  M12  multiplexer  (Ref.  5).  The 
tributary  input  channels  are  defined  to  be  Bell  T1  channels.  In  the  format  after 
every  48  information  time  slots,  12  from  each  of  the  four  T1  signals,  a control  digit 
is  inserted  by  the  multiplexer.  During  the  frame,  each  signal  has  288  (12x6x4) 
positions,  and  the  overhead  structure  permits  one  stuff  bit.  Control  digits 
labeled  F are  the  main  framing  digits.  Between  F digits  are  control  digits 
labeled  M and  C.  Three  successive  C digits  denote  the  presence  or  absence  of 
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Table  3.3.1.  Comparison  of  Existing 
Second  Level  Multiplexers 


BELL  M12 

VICOM 

Tl-4000 

MARTIN  AN/GSC-24 

Stuffing  Technique 

POS. 

POS. 

POS.-ZERO-NEG. 

Number  of  Tributary  Input 
Channels 

4 

4 

1 27  Ports 
(6  Ports/Ch.) 

Tributary  Channel  Input 

Rate  (Nominal)  (MHz) 

1.544 

1.544 

1.536 

Input  Channel  Offset 
Tolerance  (Hz) 

+150,  -300 

+150,-300 

+384,-384 

Multiplexer  Output  Stream 
Rate  (MHz) 

6.312 

6.2763 

7.168 

Data  Transport  Rate  (MHz) 

1.545796 

1.544935 

1.536000 

Major  Frame  Size 

1176 

2340 

25172 

Minor  (Sub)  Frame  Size 

294 

130 

812 

Overhead  Digit/Data  Digit 
Structure 

6/288 

2/128 

29/783 

Stuffing  Interval 

288 

576 

889 

Stuffing  Opportunity  Rate 
(Hz) 

5367 

2680 

1727 

Stuffing  Ratio  (Nominal) 

0.3346 

0.3486 

0.00 

Stuffing  Ratio  (+  Offset) 

0.3067 

0.2927 

0.22225 

Stuffing  Ratio  (-  Offset) 

0.3905 

0.4604 

0.22225 

Smoothing  Buffer  Size 
(Bits) 

4 

3 
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Figure  3. 3. 1.1.  Bell  M12  Multiplexer  Frame  Format 


of  a single  stuffed  pulse,  and  the  corresponding  M digit  identifies  in  which  of 
the  four  multiplexed  T1  signals  the  stuff  occurs.  The  M digits  thus  form  secon- 
dary framing  digits  and  identify  four  subframes.  The  subscripts  of  the  M and 
F digits  identify  the  digit  as  a 0 or  a 1.  Thus,  is  always  a 1 and  the  next 
control  digit  is  either  an  or  Mq.  The  three  C digits  in  the  subframe  follow- 
ing Mq  are  stuffing  indicators  for  the  first  T1  signal,  three  I's  for  the  pre- 
sence of  a stuffed  pulse  and  three  O's  for  no-stuff.  If  the  C digits  indicate 
a stuff,  the  location  of  the  stuffed  pulse  is  the  first  information  pulse  posi- 
tion associated  with  the  first  T1  signal  following  the  next  F^  pulse.  The 
other  sequences  of  C digits  denote  stuffing  in  the  second,  third,  and  fourth 
T1  signal.  The  use  of  three  digits  for  a stuff  indication  provides  a single 
digit  error  correction  code. 

The  demultiplexer  at  the  receiving  M12  first  searches  for  the 
sequence.  This  establishes  identity  for  the  four  T1  signals  and  also  for  the 
M and  C control  digits.  From  the  sequence,  secondary  framing  of  the 

C digits  is  established  and  the  four  T1  signals  are  properly  demultiplexed 
and  destuffed.  This  format  has  two  safeguards.  The  first  is  framing.  It  is 
possible,  although  unlikely,  that  with  just  the  FqF^FqFj  sequence,  one  of  the 
T1  signals  could  contain  a similar  sequence.  The  receiver  could  then  lock 
onto  the  wrong  sequence.  Presence  of  the  provides  verification  of 

the  genuine  FqFjFqFj  sequence.  The  second  safeguard  is  the  single  error  correc- 
tion ability  of  the  stuff  indicators.  Error  rate  objectives  of  digital  trans- 
mission lines  make  double  errors  very  unlikely. 

3. 3. 1.2  VICOM  Tl-4000  Multiplexer  Output  Stream  Frame  Format 

The  VICOM  Tl-4000  multiplexer  has  four  independent  Bell  T1  tributary 
input  channels  (Ref.  6).  Each  tributary  input  channel  has  a data  rate  of  1.544 
MHz  (+150,-300  Hz).  These  data  are  stuffed  by  the  synchronizer  to  a data  trans- 
port rate  of  1.544935  MHz.  Four  of  these  channels  plus  overhead  brino  the  total 
digit  rate  of  the  multiplex  output  stream  to  6.2763  MHz.  The  subframe  format 
for  this  multiplexer  is  shown  in  Figure  3.3. 1.2-1.  It  consists  of  a framing 
bit  (BF),  16-four  bit  words  (one  bit  from  each  channel),  a control  bit  (BC) 
and  16- four  bit  words  for  a total  of  130  bits.  The  framing  bit  is  an  alternating 
ONE-ZERO  pattern.  The  control  bits  provide  a control  channel  for  transmission  of 
stuffing  information;  that  is,  the  control  bits  from  18  sequential  subframes  form 


the  18-bit  control  frame  channel  shown  in  Figure  3. 3. 1.2-2.  For  each  T1  channel 
there  are  2,680  timeslots  per  second  located  at  specific  times  in  the  frame  which 
may  contain  either  T1  data  or  a stuffed  pulse.  The  occurrence  of  stuffed  pulses 
in  these  locations  is  flagged  by  data  in  the  control  channel.  A six-bit  marker 
word  is  used  at  the  start  of  each  frame  for  framing. 


. . . BF  W1  W2  . . . W16  BC  W17  . . . W32  BF  . 

It  I I 

Framing  Bit  Four  Bit  Word  Control  Bit  Four  Bit  Word 


Figure  3. 3. 1.2-1.  Subframe  Format  for  the  Four-Port  Multiplexer 


. . . M Cl 
Marker  Word 


M . . . 


Channel  ID 


Figure  3.3. 1.2-2.  Control  Channel  Frame 
for  the  Four-Port  Multiplexer 


The  C words  are  3-bit  channel  ID's  for  indicating  the  presence  of  stuff  bits  in 
a given  channel.  They  are  redundantly  coded  (ODD  - not  stuffed.  111  - stuffed) 
so  that  link  errors  can  be  corrected.  Each  of  the  C words  supplies  information 
on  the  possible  stuff  timeslots  which  will  occur  in  one  particular  word  of  the 
32  words  transmitted  between  the  second  and  third  marker  bits.  This  information 
is  used  at  the  demultiplexer  to  perform  the  destuffing  operation. 
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3. 3. 1.3  Marti n/Marietta  AN/GSC-24  Multiplexer  Output  Stream  Frame  Format 

The  AN/GSC-24  is  an  extremely  versatile  machine  (Ref.  7).  It  can  function 
both  as  a first  level  multiplexer  and  a second  level  multiplexer.  It  is  structured 
around  a concept  which  uses  ports  for  combining  tributary  channel  inputs  into  a 
single  multiplexer  output  data  stream.  Several  ports  can  be  strapped  together 
to  transport  the  tributary  channel's  data.  Coarse  rate  correction  can  be 
applied  to  the  port-strapped  configuration  to  allow  handling  of  data  which  is 
at  other  than  a multiple  of  the  basic  port  rate.  Simply  stated,  a port  is  an 
interval  of  time  during  which  data  from  a particular  channel  is  allowed  into 
the  multiplexer  output  stream.  The  digital  rate  at  which  data  is  input  to  a 
port  is  termed  the  port  rate.  There  are  choices  of  port  rates;  however,  when 
established  for  a given  multiplexer,  the  port  rate  remains  constant  for  all 
ports  in  use. 

For  the  AN/GSC-24  described  in  Table  3.3.1,  a tributary  input  channel 
rate  of  1.536  MHz  (±384  Hz)  was  selected.  The  port  rate  selected  for  that  mul- 
tiplexer was  256  kHz.  Consequently,  six  ports  were  required  to  handle  the  tri- 
butary input  channel.  The  channel  rate  was  a multiple  of  the  port  rate  so  no 
coarse  correction  was  needed  for  that  channel.  In  addition,  the  multiplexer 
described  had  a total  of  27  ports  in  use  plus  the  overhead  port.  Consequently, 
the  multiplexer  output  data  stream  was  equal  to  7.168  MHz  (256  kHzx28).  The 
study  of  jitter  caused  by  the  coarse  rate  correction  was  not  considered  part 
of  this  study  effort.  It  was  observed  that  tests  described  in  the  literature 
(Ref.  8)  were  concerned  with  jitter  created  via  coarse  correction. 

The  multiplex  output  stream  message  format  for  the  AN/GSC-24  is  shown 
in  Figure  3. 3. 1.3-1.  Each  multiplexer  configuration  must  use  a minimum  of  15 
ports,  therefore,  the  minimum  data  word  length  is  16  bits  and  can  range  up  to 
32  bits  when  all  31  ports  are  in  use.  A minor  frame  contains  29  data  words 
and  one  complete  29-bit  overhead  message.  Figure  3. 3. 1.3-2  shows  the  organi- 
zation of  the  overhead  message.  Each  minor  frame  provides  the  necessary  con- 
trol which  permits  the  stuffing  of  the  port  addressed  by  that  minor  frame. 

Although  it  was  not  clear  from  the  documentation  reviewed,  it  is  implied  that 
each  minor  frame  within  a major  frame  permits  a unique  port  to  be  stuff.  That 
is,  it  is  implied  that  a given  port  can  be  stuffed  only  once  a major  franie, 

The  overhead  message,  shown  in  Figure  3.3. 1.3-2,  consists  of  a 29-bit 
word,  with  one  bit  located  in  the  first  bit  position  of  each  of  the  29  data  words, 
comprising  the  minor  frame.  The  overhead  conveys  three  types  of  information:  a 
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L DATA  WORD 

(NOTE  1)  • 


1 I 2 I 3 I 4 I 5 I 6 


25  I 26  I 27  I 28  I 29 


MINOR  FRAME 
(NOTE  2) 


1 |2|3  |4|5|6|^^J26|27|28|29|30|31 

, MAJOR  FRAME  ^ 

(NOTE  3) 


NOTES: 

1.  EACH  DATA  WORD  CONTAINS  ONE  OVERHEAD  (0/H)  BIT  PLUS  ONE 
DATA  BIT  FOR  EACH  USED  PORT.  TOTAL  NUMBER  OF  WORD  BITS 
FOR  A GIVEN  CONFIGURATION  IS  BETWEEN  16  AND  32. 

2.  EACH  MINOR  FRAME  CONTAINS  29  DATA  WORDS.  AN  0/H  BIT 
FROM  EACH  DATA  WORD  MAKES  UP  ONE  29-BIT  0/H  WORD  PER 
MINOR  FRAME. 

3.  EACH  MAJOR  FRAME  CONTAINS  31  MINOR  FRAMES. 


Figure  3. 3. 1.3-1.  AN/GSC-24  Multiplexer  Frame  Format 


STUFF  coot  (1  o(  1) 
(23  BITS) 


ONf  nvfRHlAB  WORD  (29  BITS) 


NOTE:  VALUE  OF  n IN  DATA  WORD  IS 
BETWEEN  15  AND  31 


Figure  3.3. 1.3-2.  Overhead  Message  Format 


T 


23-bit  stuff  code,  a 5-bit  port  number,  and  a sense  digit.  The  23-bit  stuff 
code  has  one  of  three  different  forms,  indicating  positive,  negative,  or 
zero  (no-action)  stuffing  operation.  The  23-bit  stuff  code  also  doubles  as  a 
frame  synchronizer.  While  in  the  negative  stuffing  mode,  the  sense  digit  carries 
the  information  of  the  bit  deleted  from  the  transport  data  stream. 

Another  important  aspect  of  the  multiplexer  is  the  sampling  sequence 
with  which  data  is  removed  from  the  ports,  especially  in  the  case  of  port 
strapping.  A uniform  sampling  sequence  is  desired  in  a multiport  configuration 
to  avoid  introducing  any  jitter  to  the  data.  The  sampling  sequence  for  a 
15-port  input  is  shown  in  Figure  3.3. 1.3-3.  The  gated  clock  signals  applied 
to  a multiport  channel  are  not  applied  sequentially  or  in  a group,  but  rather 
are  applied  in  a near  homogeneous  sequence  as  shown  under  the  "ACTIVE  CHANNEL 
SAMPLING  SEQUENCE"  column.  Each  entry  indicates  the  channel  that  receives  the 
gated  clock  during  the  bit  time  (per  word  time)  listed  under  the  "BIT  SAMPLING 
SEQUENCE"  column.  Note  that  channel  No.  1 has  three  used  ports  and  receives 
a gated  clock  signal  during  bits  5,  9 and  13  of  the  bit  sampling  sequence. 

The  other  four  channels  shown  in  Figure  3. 3. 1.3-3  also  have  three  used  ports 
that  receive  three  gated  clock  signals  per  bit  sampling  sequence  as  indicated 
in  the  "ACTIVE  CHANNEL  SAMPLING  SEQUENCE"  column. 

The  near  homogeneous  port  sampling  sequence  is  not  random,  but  is 
developed  by  reversing  the  5-digit  binary  numbers  that  represent  bit  sampling 
sequence  counts  of  1 to  31.  Examples  of  reversing  the  binary  counts  are 
listed  in  Table  3.3. 1.3.  When  the  port  addressed  by  a reversed  binary  count 
is  greater  than  the  number  of  used  ports  in  the  configuration,  that  specific 
address  is  automatically  bypassed  and  the  next  applicable  port  count  is 
generated  without  any  delay.  The  following  example  assumed  that  the  system 
used  15  ports.  The  use  of  reverse  binary  weighting  to  achieve  near  homogeneous 
gating  simplified  the  logic  implementation  required  for  extracting  data  from 
the  channel  cards. 

For  the  purpose  of  modelling  the  AN/GSC-24,  the  sampling  sequence 
was  assumed  to  be  homogeneous.  The  jitter  frequency  attributed  to  the  near 
homogeneous  sampling  is  considered  to  be  systematic  and  of  relative  high 
frequency  somewhat  equivalent  to  that  of  overhead  bit  deletion. 

The  problem  of  homogeneity  of  the  stuffing  interval  in  a multiport 
application  was  of  interest  to  this  effort.  However,  the  literature  reviewed 
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ACTIVE 

BIT 

USED  PORT 

CHANNEL 

SAMPLING 

SAMPLING 

/ ■ 

^ SEQUENCF 

SEQUENCE 

SEQUENCE 

DATA  IN 


DATA  IN 


DATA  IN 


DATA  IN 


DATA  IN 


1 

2 

3 

4. 

6 

6 

7 

8 

9 

10 
11 
12 

13 

14 

15 

16 


0/H 

8 

4 

12 , 
2 

10 

6 

14 
1 
9 

5 

13 

3 

11 

7 

15 


0/H 

3 
2 

4 

© 

4 
2 

5 

© 

3 

2 

5 

o 

4 

3 

5 


DATA 

WORD 


f 

1 


i 


i 

i 


i 


I 


NOTES: 

1.  TYPICAL  CONFIGURATION:  DATA  WORD 
CONTAINS  16  DATA  BITS  (ONE  0/H 
BIT  PLUS  ONE  BIT  PER  PORT). 

2.  K-3  INDICATES  THREE  USED  PORTS 
REQUIRED  TO  SERVICE  ONE  CHANNEL. 

3.  O SHOWS  HOMOGENEOUS  SAMPLING 
SEQUENCE  FOR  CHANNEL  CARD  NO.  1 
WITH  USED  PORTS  1,  2,  AND  3. 


Figure  3.3. 1.3-3.  Example  of  Homogeneous  Sampling  Sequence 
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did  not  reveal  such  information.  It  was  therefore  concluded  that  a reverse 
binary  sequence  was  possibly  used  to  establish  what  port  would  be  addressed 
during  a given  minor  frame  and  that  a near  homogeneous  sequence  would  be 
developed.  A homogeneous  sequence  was  assumed  for  the  model  of  the  AN/6SC-24 
to  make  it  compliant  to  the  other  multiplexer  models.  However,  this  area 
should  be  considered  for  possible  jitter  contributions  in  future  investigations. 


3.3.2 


Smoothing  Loop  Approaches 


There  were  four  implemented  smoothing  loops  discussed  in  the  literature 
and  one  proposed  implementation.  The  literature  survey  revealed  that  first  order 
analog  smoothing  loops  are  used  with  the  VICOM  Tl-4000  and  the  Bell  M12;  a second 
order  analog  smoothing  loop  was  used  in  the  AN/GSC-24  production  model.  A first 
order  digital  smoothing  loop  was  implemented  as  part  of  the  prototype  AN/GSC-24. 

A second  order  digital  loop  used  by  Magna vox  Research  Laboratories  in  the 
AN/USC-28  was  considered  in  a study  by  Computer  Sciences  Corporation  to  improve 
the  smoothing  performance  of  the  AN/GSC-24.  This  proposed  implementation  is 
labelled  the  "Universal  Smoothing  Loop"  because  according  to  the  CSC  literature 
it  achieves  uniform  smoothing  over  the  entire  range  (50  Hz  to  3 MHz)  (Ref.  9). 

Third  order  loops,  because  of  two  integrators,  eliminate  steady  state 
acceleration  errors.  This  property  would  be  desirable  in  tracking  an  accelera- 
ting signal  - such  as  a Doppler  signal  from  a satellite  - since  should  the 
signal  momentarily  fade  out  the  loop  would  continue  tracking  the  phase 


accelerating  (frequency  velocity)  signal.  However,  application  of  accelerating 
signals  such  as  Doppler  were  not  considered  within  the  scope  of  this  study  and 
consequently  the  smoothing  loop  was  restricted  to  first  and  second  order. 


Of  particular  interest  to  this  study  was  the  specific  value  of  the 
smoothing  loop  parameters,  specifically,  the  loop  gain  in  the  case  of  a first 
order  and  the  lead  and  lag  parameters  in  the  case  of  a second  order  loop.  In 
addition,  for  the  phase  detector  the  value  of  (phase-detector  gain  factor) 
and  the  number  of  bits  used  in  the  elastic  buffer  would  be  desirable  to  model 
the  specific  smoothing  loop.  Also,  for  the  VCO  the  value  of  (VCO  gain 
constant),  its  operating  range,  and  the  value  of  the  VCO  natural  frequency 
are  important.  However,  most  of  this  information  was  not  available  in  the 
literature  reviewed.  The  VICOM  Tl-4000  circuit  schematic  was  available,  but 
specific  component  values  were  not  available  (Ref.  6).  A task  to  obtain  such 
information  was  considered  beyond  the  effort  expected  during  this  study.  Ref.  2 
limited  various  Bell  M12  loop  parameter  values.  Information  on  other  loops  was 
not  available  to  this  level  of  detail.  The  simulation  models  were  designed  with 
the  smoothing  loop  gain  parameters  as  variables  of  simulation  and  expected  value 
ranges  were  used  for  analysis  purpose. 

Theoretically,  the  prime  difference  in  the  transfer  function  of  the 
smoothing  loop  is  between  a first  and  second  order  loop.  Considerations  of 
sampled-data  theory  indicate  that  for  such  an  oversampled  system  the  digital 
and  analog  approaches  would  yield  similar  results.  However,  one  practical 
implementation  of  a digital  VCO  does  yield  a design  which  varies  the  frequency 
by  digitally  slicing  pulses  and,  consequently,  contributes  jitter  by  this  phase 
step  change. 

The  software  simulation  was  designed  using  a classic  analog  approach 
to  simulate  both  a first  and  second  order  loop.  This  analog  approach  was 
selected  to  take  advantage  of  the  adaptive  step-size  integration  of  the  simu- 
lation tool  to  gain  program  execution  speed.  The  digital  loop  simulation 
could  be  an  extension  to  the  software  simulator.  A digital  approach  was 
selected  for  the  hardware  simulator.  This  choice  was  based  on  the  require- 
ment to  vary  the  loop  parameters  over  a range  of  values.  A digital  first 
order  loop  was  selected  for  the  hardware  simulation  with  the  capability  of 
expansion  to  a second  order  loop  by  inserting  lead-lag  filter  cards. 
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3.4  Survey  of  First  Level  Multiplexer  Systems 

The  AN/6SC-24  Second  Level  Multiplexer  can  also  be  configured  to 


function  as  a first  level  multiplexer.  As  such  it  would  receive  and  operate 
with  the  jittered  distributary  channel  output  from  the  second  level  multiplexer. 
In  keeping  with  the  scope  of  this  program,  the  study  was  limited  to  the  TSEC/ 
CY-104  First  Level  Multiplexer,  in  particular,  the  HN-74  Interface  Equipment 
which  is  the  I/O  unit  to  the  Second  Level  Multiplexer.  It  is  considered  that 
this  system  would  serve  as  an  adequate  model  to  create  tolerances  for  the 
jitter  generated  by  the  pulse  stuffing  multiplexer. 

This  first  level  multiplexer  accepts  audio  and  signalling  information 
(8  kHz)  from  24  input  channels  and  performs  the  processes  of  digitizing,  multi- 
plexing and  encryption  to  provide  a Bell  T1  tributary  channel  output  data 
stream.  It  also  accepts  a T1  input  data  stream  and  performs  the  function  of 
bit  time  recovery,  decryption,  demultiplexing  and  analog  conversion  to  produce 
the  output  audio  channels. 

The  TSEC/CY-104  consists  of  three  basic  components:  the  HY-12  wide- 
band PCM  Trunk  Carrier  Equipment,  the  KG-34  Secure  Key  Generator,  and  the 
HN-74  Signal  Interface  and  Control  Unit.  A block  diagram  of  the  CY-104  is 
shown  in  Figure  3.4-1. 

The  HY-12  time  division  multiplexes  24  voice  channels.  Using  an  8-bit 
PCM  with  companding,  it  samples  each  channel  at  an  8 kHz  rate,  adds  overhead, 
and  produces  a 1.544  MHz  serial  bit  stream.  Timing  jitter  effects  the  HY-12 
demultiplexer  while  reconstructing  voice  waveforms  in  each  channel.  However, 
preliminary  investigations  show  the  effect  to  be  negligible  compared  to  the 
bit  synchronizer  problem.  The  study  was  not  directed  to  investigations  in  this 
area. 

The  KG-34  encrypts/decrypts  the  data.  This  crypto  interface  is  a 
sensitivity  point  in  the  first  level  multiplexer  where  clock  jitter  and  clock 
duty  cycle  variations  can  affect  the  ability  of  the  cryptographic  device  to 
perform  in  a reliable  manner.  In  a more  comprehensive  study,  the  detailed 
timing  requirements  of  the  KG-34  should  be  considered  to  guarantee  that 
accumulated  jitter  does  not  cause  the  KG-34  to  lose  synchronization.  However, 
in  this  preliminary  study  it  was  necessary  to  simplify  the  objectives  by  con- 
centrating only  on  the  bit  synchronizer. 
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The  HN-74  Signal  Interface  and  Control  Unit  prepares  the  data  for 
transmission  in  a compatible  NRZ  or  Bipolar  format  (Ref.  10).  This  unit  is  im- 
portant to  the  operation  of  the  first  level  demultiplexer  since  the  HN-74  E-CDS 
Receive  Unit  accepts  the  input  distributary  channel  and  derives  bit  timing 
from  it.  The  first  level  multiplexer's  sensitivity  to  input  jitter  in  the 
bit  timing  recovery  circuits  is  in  terms  of  bit  count  integrity  or  bit  slips. 

If  bit  slips  occur  the  result  is  loss  of  crypto  sync,  demultiplexer  sync,  and, 
hence,  all  audio  communications. 

The  E-COS  Receive  Unit  of  the  HN-74  reconstructs  bit  timing  with  a 
phase-locked  loop.  The  basic  functions  of  this  loop  are  indicated  in  Figure 
3.4-2.  The  one  shot  and  gate  act  as  the  phase  detector  for  this  loop  and 
the  integration  is  accomplished  by  charging  or  discharging  a capacitor.  The 
clock  is  a crystal  oscillator  controlled  by  a variable  capacitance  diode. 

The  operation  of  the  bit  timing  recovery  circuit  is  described  as 
follows.  When  the  loop  is  locked,  the  one  shot,  which  is  triggered  by  data 
transitions,  allows  the  gate  to  be  opened  a small  time  centered  about  the 
clock  transition.  This  gives  no  net  change  to  the  capacitor  charge.  A 
small  phase  change  between  the  data  and  clock  increases  (or  decreases)  the 
capacitor  charge  and  appropriately  changes  the  clock  rate.  For  a positive 
going  transition  the  data,  one  shot,  clock  and  phase  characteristic  are 
shown  in  Figure  3.4-3. 


Figure  3.4-2.  HN-74  Timing  Recovery  Loop 


DATA 


ONE  SHOT 

CLOCK 

PHASE  CHARACTERISTIC 
80131-2 


Figure  3.4-3.  HN-74  Bit  Time  Recovery  Operation 


Note  that  the  desired  linear  phase  characteristic  exists  only  over  the 
one  shot  time  duration,  This  is  the  limiting  factor  on  the  amount  of  total 

phase  jitter  this  system  can  allow. 

The  remaining  portion  of  the  configuration  corresponds  to  a second 
order  phased-lock  loop  which  is  standard  in  bit  synchronizers.  An  important 
characterization  of  this  is  its  closed  loop  bandwidth  which  is  a function  of  the 
capacitor  charging  time  constant,  the  one  shot  time  duration,  and  the  loop  gain 
constants.  The  phase  locked  loop  circuitry  maintains  the  clock  frequency  in 
precise  synchronization  with  the  incoming  digital  data  stream  rate.  The  ability 
to  track  the  incoming  digital  signal  is  a function  of  the  loop  bandwidth. 
Therefore,  the  loop  bandwidth  is  a major  factor  in  the  timing  jitter  tolerance 
considerations  for  this  study. 

The  model  generated  for  the  synchronizer  is  a second  order  loop  with 
a window  postulated  for  the  error  signal  of  the  locked  loop.  The  width  of  this 
window  is  directly  proportional  to  T^^,  the  window  time. 

The  specific  parameter  values  were  not  available  from  the  literature. 

A range  of  representative  values  were  selected  for  the  models  exercised. 
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PULSE  STUFFING  MULTIPLEXER  ANALYSIS  APPROACH 


The  objectives  of  this  analysis  effort  were  to  characterize  pulse 
stuffing  and  waiting  time  jitter  and  to  determine  the  additional  effect,  if 
any,  on  jitter  created  by  tandeming  pulse  stuffing  multiplexers.  Furthermore, 
additional  motives  were  to  apply  this  information  to  analyze  and  evaluate 
models  of  existing  hardware  and  to  broaden  overall  understanding  of  the  pulse 
stuffing  environment  so  that  realistic  jitter  specification  techniques  could 
be  derived.  The  approach  taken  to  accomplish  such  an  analysis  was  to  develop 
three  tools:  an  analytical  model,  a software  simulator,  and  a hardware  simu- 
lator. The  analytical  tool  provided  the  basis  to  guide  the  effort;  the  soft- 
ware simulator  provided  the  depth  to  analyze  the  continuous-time  system  with 
varying  discrete- time  inputs;  and  the  hardware  simulator  rendered  to  the 
study  the  hardware  confirmation  of  the  results  and  added  the  depth  that  is  often 
omitted  from  pure  analysis.  In  addition,  the  interplay  between  the  three  tools 
provided  growth  to  each  tool,  and  the  combination  contributed  to  a more  indepth 
understanding  of  the  problem. 

4. 1 Analysis  Approach 

An  understanding  of  the  characteristics  of  pulse  stuffing  multiplexer 
operation  indicate  that  there  are  two  elements  which  contribute  to  the  multi- 
plexer jitter.  The  jitter  created  by  these  two  elements  is  defined  as  follows: 

• Stuffing  jitter  which  results  from  the  insertion  or 
deletion  of  bits  to  or  from  the  data  transport  digit 
stream. 

• Waiting- time  jitter  which  results  from  the  situation 
that  a pulse  is  not  inserted/ deleted  when  the  phase 
difference  between  the  data  transport  digit  stream 
and  the  tributary  input  stream  has  changed  by  a bit 
but  rather  the  stuffing  operation  is  delayed  until 
the  next  stuffable  digit  time  slot. 

In  addition,  any  element  of  jitter  contributed  by  the  tandeming  of  pulse  stuf- 
fing multiplexers  is  defined  as  cascading  jitter.  It  is  desirable  to  understand 
the  elements  that  influence  each  of  these  jitter  types  so  that  specific  control 
on  each  type  can  be  exerted  by  the  generated  jitter  specification  technique. 

The  literature  search  disclosed  that  previous  analysis  efforts  (Ref.  1,2,3) 
have  been  performed  using  the  classic  spectrum  analysis  approach.  In  this  approach 
the  spectrum  of  the  jittered  waveform  is  derived  by  formulating  the  spectrum  of  the 
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unfiltered  jitter  and,  then,  multiplying  it  by  the  response  of  the  smoothing 
loop.  In  addition,  calculations  based  on  the  theoretical  jitter  spectrum  are 
used  to  show,  under  given  conditions,  the  upper  bound  on  the  rate  at  which 
the  RMS  amplitude  of  the  cascaded  jitter  grows.  These  theoretical  calculations 
were  backed-up  by  test  results  derived  from  experiments  with  actual  hardware. 

Difficulty  in  using  these  results  directly  was  encountered  in  relating 
the  results  to  the  various  control  parameters.  The  model  was  complex  to  begin 
with,  varying  given  parameters  was  intricate  and,  furthermore,  the  results  were 
difficult  to  interpret  with  respect  to  the  parameter  of  interest.  In  addition, 
the  analysis  did  not  attempt  to  establish  differences  between  stuffing  jitter 
and  waiting  time  jitter.  Instead,  it  elected  to  deal  with  the  combined  jitter 
spectrum.  The  conclusion  was  reached  at  program  onset  that  complementing  the 
existing  analysis  with  a time  domain  analysis  might  be  a more  fruitful  approach 
to  pursue.  This  conclusion  has  been  strengthened  by  the  following  four  facts: 

a)  It  is  easier  with  the  time  domain  analysis  and  the  simpler 
model  to  gain  insight  into  the  jitter  phenomena.  Such 
insight  is  indispensible  in  a trade-off  study. 

b)  The  time  domain  analysis  provides  information  on  RMS 
jitter,  peak-to-peak  jitter,  and  jitter  slew  rates; 
the  spectrum  analysis  only  provides  information  on  RMS 
jitter. 

c)  Results  predicted  by  both  models  are  substantially  in 
agreement. 

d)  When  model  complexity  is  required,  it  can  be  easily 
accommodated  by  the  time-domain  software  simulator. 

4.1.1  Phase  Jitter  Models 

The  analysis  effort  started  from  two  fundamental  phase  jitter  models  - 
the  first  describing  the  stuffing  jitter  components,  and  the  second  describing 
the  waiting-time  jitter  component.  The  stuffing  jitter  model  is  delineated  first. 

The  jittered  waveform  prior  to  the  smoothing  loop  is  inputted  to  the 
elastic  buffer  by  the  demultiplexer  (which  either  removes  or  inserts  digits  as 
required  to  invert  the  synchronizer  operation  of  the  pulse  stuffing  multiplexer). 
The  waveform  for  a positive  stuffing  system  is  depicted  in  Figure  4. 1.1-1.  The 
upper  graph  shows  the  cumulative  phase  relationship  as  a function  of  time  for  the 
tributary  input  channel  and  the  unfiltered  distributary  output  channel.  The 
slope  of  the  unfiltered  output  channel  cumulative  phase  waveform  is  equal  to  thr 
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digital  rate  at  which  data  is  being  written  into  the  elastic  buffer.  It  is  nor- 
mally equal  to  the  data  transport  rate  except  when  the  write  clock  is  halted  by 
the  operation  which  deletes  a stuffed  bit.  Since  the  stuffed  digits  are  added 
to  synchronize  the  input  channel,  on  removal  of  these  digits  the  average  rate 
is  equal  to  the  average  rate  of  the  input  channel  (the  two  are  mesochronous ) . 

In  the  elementary  model  shown  in  Figure  4. 1.1-1,  the  tributary  input  channel  is 
assumed  to  have  a constant  input  digital  rate.  The  quantization  effect  of  digi- 
tal transfer  is  ignored  except  for  the  stuffed  bit,  constant  time  delays  between 
the  input  channel  and  output  are  not  shown,  and  waiting-time  effect  is  not 
considered. 

The  jitter  effect  is  the  difference  between  the  output  channel  and 
the  input  channel,  which  is  assumed  for  this  case  to  be  a stable  (isochronous) 
digital  rate.  From  this  observation,  the  conclusion  is  drawn  that  the  difference 
(AQ)  model  provides  the  phase  jitter  information.  In  this  delta  phase  (AO)  model, 
the  slope  of  the  sawtooth  is  equal  to  the  difference  in  rate  between  the  data 
transport  rate  and  the  tributary  input  channel  rate.  The  period  of  the  sawtooth 
is  equal  to  the  stuffing  rate.  The  peak-to-peak  value  is  one  bit  (the  stuffed 
bit).  Because  a sawtooth  waveform  has  a uniform  amplitude  distribution,  the 
RMS  value  attributed  to  this  jitter  should  be  1//TZ  bits. 

The  next  model  is  the  waiting-time  jitter  model.  For  the  jitter  wave- 
form to  be  the  periodic  sawtooth  model  described  in  the  above  paragraph,  the 
stuffed  bit  would  need  to  be  inserted  at  the  specific  instant  that  the  phase 
error  crossed  a threshold.  That  is,  the  stuff  interval  would  have  to  be  an 
integer  number  of  stuffing  opportunities.  However,  if  this  is  not  the  case, 
an  additional  phase  jitter  is  generated.  This  additional  jitter  called  waiting 
time  jitter,  denoted  by  the  dashed  lines  of  Figure  4. 1.1-2,  may  also  be  modeled 
as  a sawtooth  waveform  which  has  a functional  frequency  equal  to  the  beat  between 
the  stuffing  rate  and  a subharmonic  of  the  stuffing  opportunity  rate  (maximum 
stuffing  rate).  Figure  4. 1.1-3  depicts  how  the  peak  value  of  waiting  time  jitter 
may  be  computed.  If  the  phase  error  crosses  the  threshold  immediately  after  an 
available  stuffing  slot,  then  the  error  will  accumulate  until  the  next  possible 
stuffing  time.  The  amount  of  phase  which  can  accumulate  during  this  interval 
equals  the  frequency  offset  times  the  interval  between  available  stuffing  slots. 

e = f t^  bit  slots  . 

0 s 
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. PHASE  ERROR  WHEN  THRESHOLD  CROSSINGS  DO  NOT 
CORRESPOND  TO  AVAILASLE  PULSE  STUFFING  SLOTS: 

THE  DASHED  ENVELOPE  INDICATES  THE  LOW 
FREQUENCY  COMPONENT  OF  THE  PHASE  ERROR 
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Figure  4. 1.1-2.  Waiting  Time  Jitter 


Mtai-E 


Figure  4. 1.1-3.  Peak  Value  of  Waiting  Time  Jitter 


The  offset  frequency  f^,  which  is  the  slop  of  the  sawtooth,  is  some 

fraction  of  the  stuffing  opportunity  rate  f^  (f^  = . The  stuffing  ratio  is 

defined  as  the  ratio  of  the  stuffing  rate  divided  by  the  stuffing  opportunity 

rate,  p»  r . Thus,  the  maximum  phase  accumulation  above  the  threshold  is 
^s 


^ “ ^o^s  ‘^^s^s  = P • 

Since  a stuffing  slot  might  be  available  at  the  time  the  phase  crosses  the 
threshold,  the  minimum  excess  phase  is  0.  Therefore,  the  unfiltered  peak- 
to-peak  waiting  time  jitter  is 


e = p bits  . 


The  maximum  RMS  value  of  this  jitter  should,  therefore,  by  reason  of  the  sawtooth 
waveform  model  equal  p//I7,  if  phase  offset  is  removed. 

4.1.2  Smoothed  Output  Jitter  Models  for  First  Order  Loop 

The  analysis  effort  was  next  directed  to  study  the  effects  of  a first 
order  smoothing  loop  on  the  jittered  waveform.  The  analysis  was  aimed  at  the 
stuffing  jitter  waveform  since  it  was  observed  to  be  periodic.  In  the  case  of 
positive  (or  negative)  stuffing,  the  stuffing  rate  is  normally  large  enough  to 
be  attenuated  by  the  smoothing  loop.  It  was  intuitively  felt  that  this  area 
was  influenced  most  by  the  smoothing  loop. 

The  output  jitter  waveform  may  be  computed  by  convolving  the  smoothing 
loop  phase  impulse  response  with  the  sawtooth  phase  jitter  waveform  (A9)  which 
represents  the  unsmoothed  jitter.  The  closed  loop  frequency  transfer  function 
of  a first  order  smoothing  loop  (Ref.  11)  is 


H(u)  = 


U) 


c 


The  corresponding  impulse  response  is 

-27rf  t 

h(t)  = 2Tif^.e 
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where  f is  the  3 dB  cutoff  frequency  of  the  smoothing  filter.  Herein  f is 
'•  c 

expressed  in  percent  of  the  stuffing  rate.  The  periodic  sawtooth  waveform 

with  a period  of  -0.5<t<0.5  is  written  as 


a)(t)  = t-n. 


-0.5-n<t<0.5-n 
n=0,  ±1,  ±2,  .. 


The  result  of  the  convolution  of  the  first-order  smoothing  loop  with  the 
periodic  sawtooth  waveform  is 


t -2Trf  (t-a) 

y(t)  = / oiia)  27rf  e da  . 


Upon  carrying  out  the  integration,  the  output  jitter  over  the  output  period 
-0.5<t<0.5  is 


, -27rf_t  -irfr 


This  waveform  has  a maximum  value  at  the  two  extremes  (t=±0.5)  and  a minimum 
point  in  between.  The  minimum  point  is  located  at 


‘ ( i-A'fc  ) ■ 


Using  this  value,  the  peak-to-peak  output  jitter  is  expressed  as 


Ay, 


p-p 


(l-e’^’^^c) 


1 

IrfT 


1+1 


Continuing  with  the  exercise,  the  RMS  equation  is  derived  next.  First,  the 
jitter  average  is  computed  over  a period  (T=l). 
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y(t)  = 0 . 

Next,  the  RMS  equation  is  derived  and  is 


For  T=l, 


Since  y(t)  = 0, 


AYrhis  = (standard  deviation  about  the  mean),  and 


This  equation  has  a minimum  at  the  left  boundary  and  a maximum  at  the  right 
boundary.  Thus, 


‘fnax  ' f(-l/2) 


Carrying  out  the  computation, 

Af  V = 2Trf  . 
max  c 

In  addition,  the  frequency  slew  is  computed  by  differentiating  the  frequency 
equation 


s(t)  * f(t)  . 


Carrying  out  the  differentiation. 


I 

) i 


The  major  difficulty  in  analyzing  the  effects  of  a smoothing  loop 
on  waiting-time  jitter  is  the  complexity  of  analytically  expressing  the 
variable  waiting-time  jitter  waveform.  The  frequency  content  of  the  waiting 
time  jitter  is  governed  by  the  stuffing  rate  and  the  stuffing  opportunity 
rate.  It  is  a function  of  the  beat  between  the  two  rates  as  well  as  subhar- 
monics of  this  beat  frequency,  A comprehensive  analytical  effort  to  define 
the  waiting-time  jitter  spectrum  as  part  of  a spectrum  analysis  effort  is 
found  in  the  literature  (Ref.  2)..  To  best  utilize  this  study^s  resources, 
the  decision  was  made  to  employ  software  simulation  methods  in  the  analysis. 

The  original  observations  that  the  upper  limit  for  peak-to-peak 
value,  attributable  to  waiting  time  jitter,  is  p,  and  the  upper  limit  on  the 
RMS  value  associated  with  this  waveform  is  p//I7  can  be  expanded  to  this 
filtered  analysis.  The  reason  is  that  if  n(n=^)  is  close  to  an  integer  the 
value  of  the  beat  frequency  is  low,  usually  well  within  the  bandpass  of  the 
smoothing  loop. 

4.1.3  Phase  Error  Model  for  a First  Order  Synchronizer  Loop  Impacted 

by  a Jittered  InpuT 

The  problem  of  integrating  the  2 level  pulse  stuffing  multiplexers 
into  a system  which  contains  modems  or  bit  synchronizers  revolves  around  the 
effect  that  the  distributary  channel  output  jitter  has  on  their  bit  timing 
recovery  circuits.  Excessive  error  or  high  frequency  variations  can  possibly 
cause  a bit  sync  to  lose  lock  or  slip  a bit.  Even  if  the  jitter  is  not  so 
severe  that  the  bit  timing  cannot  be  recovered,  the  timing  circuits  must  be 
compatible  with  the  multiplexer  smoothing  filter.  Since  the  bit  synchronizer 
output  timing  is  used  to  make  bit  decisions;  it  is  not  enough  that  the  bit  sync 
track  the  average  input  timing.  It  must  track  the  instantaneous  bit  timing  or 
the  data  decisions  will  be  made  with  a timing  error.  With  matched  filter 
demodulation  of  unfiltered  NRZ  data,  a timing  error  of  0.25  bits  corresponds 
to  a 6 dB  loss  in  signal-to-noise  ratio  and  a timing  error  of  0.1  bits  corres- 
ponds to  a 1.9  dB  loss  in  signal-to-noise  ratio.  The  ability  of  the  input  bit 
synchronizer  to  track  input  jitter  is  improved  by  opening  up  its  loop  bandwidth 
but  this  impacts  the  effect  of  noise  on  the  bit  timing  recovery  so  that  it  is 
imperative  that  the  bit  sync  bandwidth  be  no  greater  than  necessary  for  proper 
data  demodulation. 


It  is  therefore  obvious  from  the  preceding  discussion  that  the 
tolerance  on  jitter  Is  dictated  by  the  bit  synchronizers  that  must  be  made 
operational  with  the  multiplexer.  With  this  In  mind,  the  analysis  effort 
was  subsequently  directed  at  phase  error  models  for  synchronizers  Impacted 
by  jittered  inputs. 

The  first  effort  addressed  a first  order  bit  synchronizer  loop.  A 
block  diagram  of  a cascaded  first  order  smoothing  loop  and  first  order  bit 
synchronizer  Is  shown  In  Figure  4.1.3. 


Smoothing  Loop 


Bit  Synchronizer 


a = 2Tif(. 

B = 2Trkfj. 
k = B/a 

Figure  4.1.3.  First  Order  Smoothing  Loop  and  First 
Order  Bit  Synchronizer  Block  Diagram 

The  transfer  function  of  this  cascade  from  Input  signal  to  bit  sync  phase  detector 
output  Is 


2TTfj.  (jw)  2iTf^(ja)) 

2Trfj.+  (ja))  2Trkf^+(ja))  [2Trf^+ju)][2Trkf^+(ja))] 


H(w)  = 


Expanding  this  expression  into  partial  fractions  (defined  for  k^l). 


= “TT^ 


Zirfc 

2Trf^+ju) 


2irkf 

c 

2TTkfc+j(i» 


This  expression  is  the  linear  sum  of  two  first  order  loop  expressions.  Using 
the  results  obtained  when  convolving  a first  order  smoothing  loop  with  a periodic 
sawtooth  waveform  representing  the  unfiltered  stuffing  jitter,  we  arrive  at 


ee(t) 


-2Trf^t 


2TTkf. 


1-k 


-Tffr 


- e 


-2Trkf  t 
c 


This  is  the  expression  for  phase  error  over  one  stuffing  jitter  period,  -0.5<t<0.5. 
This  waveform  has  a maximum  value  at  the  extremes  (t=±0.5)  and  a minimum  point  in- 
between.  The  minimum  point  is  located  at 


-'i-  2,f^(l-k)  ■ i.j-2iikfc  ) • 

Using  this  value,  the  peak-to-peak  phase  error  is  expressed  as 


Additional  analysis  on  the  impact  of  waiting- time  jitter  was  relegated 
to  the  software  simulator. 

4.1.4  Smoothed  Output  Jitter  Models  for  Second  Order  Loop 

The  analysis  effort  proceeded  to  study  the  effect  of  using  a second  order 
smoothing  loop  on  the  output  jitter.  The  difference  between  a first  order  loop 
and  a second  order  loop  lies  in  the  loop  filter.  A typical  phase  locked  loop  is 
shown  in  Figure  4.1.4. 
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The  rate  of  change  of  phase  and  frequency  is  derived. 


f(t)  = y(t),  and 


f(t)  - I t 


1 r_eVf^ 

“-8  1 i.e- 


e-8‘ 


In  addition,  the  frequency  slew  is  computed  by  differentiating  the  frequency 
equation.  Therefore, 


s (t)  = f(t).  and 


T 


l.e-“  ■ i-e-B  , ■ 

The  peak- to- peak  phase  jitter  equation  was  not  obtained  because  a closed-formed 
solution  for  the  minimum  value  of  time  cannot  be  derived.  The  task  was  con- 
tinued in  the  software  simulator  effort. 

4.1.5  Comparison  of  Smoothing  Filter  Capabilities  Between  First  Order 
and  Second  Order  Loops 

In  considering  tradeoffs  between  a first  order  smoothing  loop  and  second 
order  smoothing  loop,  it  becomes  necessary  to  compare  the  filtering  characteris- 
tics of  both.  The  equations  for  the  two  loops  (Ref.  11)  are  the  following: 

First  Order  Loop 


Second  Order  Loop 


H(ja>)  = 


H(ja)) 


(ja))^+2^u^(ja))+(i)^^ 


l-(— +j25(— ) 
‘^n  J “n 


Note  that  the  function  is  operating  on  phase  input,  and  bear  in  mind  that  the 
loops  perform  a low  pass  filtering  operation  on  phase  input. 

Figure  4. 1.5-1  shows  the  filtering  characteristics  of  both  loops.  The 

% 

filtering  characteristics  of  a first  order  loop  are  not  discernible  from  a second- 

order  with  5=5  and  co  =(  1/10.1  )u)  . In  addition,  the  second  order  loop  with  a small 

^ c 

value  of  damping  constant,  c.  can  introduce  enhancement  of  jitter  in  certain 
frequency  bands. 

The  relationship  for  3 dB  bandwidth  as  a function  of  the  second  order 
loop's  damping  factor,  c.  and  natural  frequency,  is 

UJ3  jjB  = % • 
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Figure  4. 1.5-1.  Frequency  Response  Comparison; 
First-Order  Loop  and  High-Gain  Second-Order  Loop 


Figure  4. 1.5-2  shows  this  relationship.  Both  smoothing  loops  roll-off  at 
6 dB/octave.  The  lower  damping  factor  selections  on  the  second-order  loop 
offer  a steeper  roll-off  in  certain  bands  but  also  amplify  other  bands.  It 
is  concluded  that  the  second-order  loop  offers  no  smoothing  advantage  over 
the  first  order  loop. 

4.1.6  Static  Phase  Error  Attributed  to  Differences  Between  Input  Signal 

and  VCO  Nominal  Frequency 

The  jittered  input  signal  will  cause  variations  in  the  elastic 
buffer  fill.  Measurement  of  this  buffer  fill  produces  the  phase  error  signal 
(sawtooth)  which  is  the  stimulus  to  the  phase-locked  smoothing  loop.  For  the 
smoothing  loop  application  it  is  not  expected  that  the  average  input  signal 
frequency  will  agree  exactly  with  the  free  running  (zero  control  voltage) 
frequency  of  the  VCO.  This  is  true,  particularly,  since  the  input  is  only 
controlled  to  a given  tolerance.  As  a rule  there  will  be  a frequency  dif- 
ference At  between  the  two.  Consequently,  in  addition  to  jitter  variations, 
an  average  or  static  error  required  to  provide  a Af  offset  in  the  VCO  will 
cause  variations  in  the  elastic  buffer  fill.  Granted  that  this  variation 
is  static  and  does  not  contribute  to  the  jitter;  it  does  impose  requirements 
on  the  loop  design  tradeoffs. 

A second  order  loop  has  an  integrator  which  acts  as  frequency  memory. 
Frequency  difference,  Af,  is  stored  in  the  form  of  charge  on  this  integrator. 
Therefore,  no  error  voltage  is  required  to  directly  maintain  this  average  Af 
offset  in  the  VCO.  There  are  two  methods  for  implementation  of  analog  loop 
filters  as  discussed  in  the  literature  (Ref.  11):  passive  filters  and  active 
filters.  For  a passive  filter  the  gain  is  unity  so  the  memory  evaporates 
(discharges)  fairly  quickly.  However,  in  an  active  filter  it  is  not  difficult 
to  make  the  gain  large  so  that  the  error  signal  is  no  more  than  a few  degrees 
for  the  maximum  Af  encountered.  For  a second  order  loop  the  static  error  can 
be  made  minimal  by  design.  In  a digital  loop  implementation  this  Af  informa- 
tion is  stored  in  a data  register.  Its  not  volatile  like  the  analog  techniques. 

The  first  order  loop  has  no  frequency  memory,  consequently,  the 
frequency  difference  Af  must  be  achieved  by  maintaining  a static  phase  error. 
From  the  equations  of  the  first  order  loop  the  phase  error  required  to  maintain 
this  Af  is 
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dB  BANDWIDTH  NORMALIZED  TO  NATURAL  FREQUENCY 
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ZirAf 


where  a is  the  open  loop  gain  and  its  units  are  (seconds)"^.  The  open  loop  gain 
is  also  the  loop  bandwidth  for  the  first  order  loop.  Hence,  for  a given  Af 

the  narrower  the  loop  bandwidth  the  larger  the  static  phase  error.  In  addition, 
for  the  time  variations  on  the  elastic  buffer  generated  by  the  stuffing  jitter 
of  a first  order  loop,  a time  waveform  over  one  period  -0.5<t<0.5  can  be  derived 
from  the  equation 


®e  = «i-®o  • 


where 


Therefore, 


1 . .-27rfc 


S,  = t and  e„  . t - -jjp-  t e 


I } 


(--"VnYc  ) • -0.5<t<0.l 


This  equation  has  a positive  slope  over  the  period,  therefore,  the  peak- to- peak 
variation  can  be  computed  from 


0g  = 0g(O.5)  - 0g(-O.5) 
P-P 


This  will  yield  an  equation  which  Is  Intuitive, 


1 bit. 


■p-P 


and  is  independent  of  any  parameters.  It  is  observed  that  the  lower  bound  of  9^ 
ranges  over  -1.0  bit  <lower  bound  0g<-O.5  bit,  and  the  upper  bound  ranges  over 


4-20 


0 bit  < upper  bound  0g<O.5  bit  as  is  varied  from  "-►O.  This  range  varaition  is 
attributed  to  the  normalization  and  the  fact  that  the  output  cannot  precede  the  input. 

4.1.7  Audio  Channel  Performance 

This  preliminary  analysis  was  initially  conducted  to  determine  the 
effect  of  pulse  stuffing  multiplexer  jitter  on  voice  quality.  As  a result  of 
this  analysis,  it  was  concluded  that  the  impact  would  be  minimal  and  a subse- 
quent decision  was  made  to  concentrate  on  bit  slip  problems.  The  analysis  was 
done  on  the  HY-12. 

The  wideband  PCM  Trunk  Carrier  Equipment,  HY-12,  is  an  8 bit  u law 
companded  digitizer  and  channel  multiplexer.  In  the  TSEC/CY-104  configuration 
the  timing  to  the  HY-12  is  supplied  by  the  HN-74.  Thus,  timing  jitter  is  not 
an  equipment  problem  of  the  HY-12.  However,  the  audio  waveforms  for  each 
channel  are  reconstructed  in  this  device  so  that  timing  degradations  on  the 
signals  must  be  considered. 

The  timing  degradation  should  be  compared  to  other  distortion  effects 
to  determine  its  impact.  Some  of  these  effects  are  quantization  error,  bit 
error  effects,  interpolation  distortion,  envelope  delay,  and  frequency  response. 

The  output  signal-to-noise  ratio  caused  by  quantizing  noise  and  bit  errors  is 
shown  in  Figure  4. 1.7-1  as  a function  of  the  full  scale  loading  of  the  A/D 
converter.  Folded  binary  coding  with  an  8 bit  compander,  u=255,  is  used. 


The  peak  SNR  available  is  36  dB.  The  frequency  response  of  the  transmit  (pre- 
sampling) filter  in  the  HY-12  is  given  in  Figure  4. 1.7-2  and  of  the  reconstruc- 
tion (interpolation)  filter  in  Figure  4. 1.7-3.  The  transmit  filter  prevents  an 
increase  of  noise  folded  into  the  passband.  For  3.5  kHz  bandwidth  this  effect 
is  greater  than  40  dB  down.  The  reconstruction  filter  is  used  to  remove  the 
voice  channel  image  centered  at  8 kHz.  The  peak  out-of-band  response  of  this 
filter  is  approximately  22  dB  down,  which  could  cause  some  degradation  of  the 
signal-to-noise  ratio.  However,  audio  headsets  or  another  interpolation  filter 
cascaded  with  this  one  can  improve  the  signal-to-noise  ratio  such  that  interpo- 
lation effects  are  negligible. 

For  minimal  effect,  timing  jitter  contribution  to  the  channel  per- 
formance should  be  maintained  at  a level  of  46  dB  or  more  below  the  signal. 

This  would  affect  overall  signal-to-noise  ratio  by  less  than  0.5  dB. 

It  is  not  anticipated  that  a moderate  amount  of  jitter  will  seriously 
degrade  voice  quality.  This  conclusion  is  based  on  the  following  calculations 
of  test  tone  to  noise  ratio  with  desynchronizer  jitter. 

Let  the  RMS  jitter  on  a T1  carrier  be  x bits.  This  corresponds  to  a 
time  jitter  of  x/1.544  ys.  If  this  amount  of  jitter  is  present  on  a li)20  Hz 
test  tone,  then  the  phase  jitter  in  radians  is 


It  is  well  known  that  the  equivalent  signal-to-noise  ratio  of  a 
sinusoid  with  RMS  phase  jitter  0 is 


S/N  = 10  log(l/20^) 

so  that  the  equivalent  signal-to-noise  ratio  with  x bits  of  T1  multiplexer  jitter 
is 


= 44.6  - 20  log  x dB  . 
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S/N  = 10  log 


Figure  4. 1.7-2.  Transmit-Filter  Response  of  HY-12  Frequency  (kHz) 
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Figure  4. 1.7-3.  Reconstruction  Filter  Response  of  HY-12 
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If,  then,  the  input  jitter  is  uniform  over  1 bit,  the  RMS  value  of  jitter  is 
l//r?  so  that  the  signal-to-noise  ratio  is 

S/N  = 44.6  + 10.8  = 55.4  dB. 


For  y law  companding  with  y=255  and  8 bit  quantization,  the  limiting  signal  to 
quantizing  noise  ratio  is  less  than  40  dB.  This  implies  there  can  be  up  to  10 
bits  of  peak  jitter,  yielding  a test  tone  to  noise  ratio  due  to  jitter  of  45.4 
dB  before  the  jitter  can  materially  affect  the  total  output  signal-to-noise  ratio. 
This  analysis  of  jitter  effects  on  voice  channel  performance  indicates  no  signifi- 
cant degradation.  However,  since  the  jitter  will  most  likely  be  periodic  at 
frequencies  within  the  voice  band,  it  is  not  entirely  true  that  this  low  value 
of  jitter  would  produce  negligible  distortion  of  voice  quality. 

4.2  Software  Simulator  Approach 

The  requirement  for  the  software  simulator  was  generated  from  a need 
to  extend  the  analysis  effort.  The  software  simulator  provides  a tool  to: 

• Separate  out  and  analyze  the  two  jitter  components 

• Measure  the  effect  of  various  smoothing  loop  parameters 
on  the  combined  jitter  components 

• Interplay  a given  number  of  mux-demux- smoothing  loop 
nodes  in  tandem  and  measure  the  effect  of  cascading 
jitter 

• Simulate  specific  model  configurations  representative 
of  the  Bell  M12,  VICOM  Tl-4000,  AN/GSC-24,  and  HN-74 
Receive  Unit 

In  addition,  the  simulator  output  routine  provides  simulated  time  plots  which  are 
instrumental  in  visualizing  the  jitter  process.  The  output  contains  plots  which 
are  representative  of: 

• The  unsmoothed  output  prior  to  the  smoothing  loop 
showing  the  sawtooth  waveform  as  modified  by  the 
waiting  time  jitter 

• The  smoothed  output  from  the  loop 

• Frequency  variations 

• Frequency  slew  variations 

• Tracking  error  on  the  bit  synchronizer 
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The  simulator  in  addition  collects  statistics  and  provides  summary 
reports  on  peak-to-peak  and  RMS  values  for  phase  jitter,  frequency  variations, 
frequency  slew  variations,  and  tracking  error.  In  addition,  it  has  the  capa- 
bility of  providing  histograms  for  the  above  variables. 

The  simulator  (MUXJIT)  is  written  in  GASP  IV,  a FORTRAN  based  simula- 
tion language  (Ref.  12).  It  takes  advantage  of  the  GASP  IV  Combined  Simulation 
features  which  allow  the  simulation  of  variable  discrete  time  events  represen- 
tative of  pulse  stuffing  requirements  along  with  the  continuous  simulation 
required  for  the  waveforms  of  input  jitter,  output  jitter,  phase  error,  etc. 

Definition  of  the  simulator  model  was  done  concurrently  with  that  of 
the  analysis  model.  The  prime  task  is  the  definition  of  the  four  parameters 
of  the  simulator:  Input,  output,  variables  of  simulation,  and  implementation 
mechanism.  The  results  of  these  tasks  are  summarized  in  Figure  4.2.  A prin- 
cipal feature  of  the  software  simulator  is  the  ability  to  take  the  jittered 
output  of  a node  and  make  that  the  input  to  another  node.  This  allows  the 
simulation  of  cascaded  nodes.  A detailed  description  of  the  model  and 
simulator  including  a program  listing  is  contained  in  Appendix  B. 

4.3  Hardware  Test  Bed  Approach 

The  hardware  simulator  was  a requirement  of  the  statement  of  work. 
There  are  several  reasons  for  developing  a test  bed: 

• Gives  the  study  the  necessary  hardware  depth.  Often 
times  analysis  overlooks  implementation  difficulties, 
the  hardware  approach  forces  the  analysis  to  study  the 
implementation  problems. 

• Verifies  the  analysis  and  software  simulator  results. 

Assumptions  made  in  modelling  can  conceivably  invalidate 
the  results.  The  test  bed  is  a step  closer  to  fielded 
hardware. 

e Overcomes  the  limitations  of  the  other  approaches.  Waiting- 
time jitter  and  cascade  jitter  were  difficult  to  analyze. 

The  software  simulator  compensated  for  this  deficiency, 
but  it  has  run  time  and  spectrum  analysis  limitations. 

• Provides  a hardware  vantage  point.  A key  requirment  in 
analyzing  a problem  is  to  understand  the  problem.  The 
availability  of  such  a simulator  contributes  another 
point  of  view  to  further  the  understanding. 
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• Provides  tandeming  capability  with  fielded  equipment. 

Although  interface  modifications  might  be  required,  the 
flexibility  of  this  capability  will  allow  the  exercising 
and  testing  of  field  equipment  to  obtain  information  not 
available  from  modelling  exercises. 

The  test  bed  approach,  labeled  the  Second  Level  Multiplexer  Simulator 
(SLMS),  provides  three  sets  of  jitter  simulator  and  smoothing  loop  functions. 

The  three  sets  permit  deriving  results  for  cascading  jitter.  The  SLMS  was 
constructed  in  a rack  mounted  chassis,  and  the  mechanical  design  is  a standard 
rack  mount  packaging  which  is  ruggedized  to  standard  lab  operation.  This  design 
is  intended  for  portability  between  facilities.  A complete  description  of  the 
hardware  test  bed  simulator  design  is  contained  in  "Design  Plan  for  Pulse  Stuffing 
TDM  Network  Study,"  a companion  document  (Ref.  13).  This  document  contains  a 
complete  description  of  the  SLMS  in  that  it  covers  its  development  from  design 
tradeoffs  to  schematic  diagrams. 

In  addition,  "Test  Plan  for  Pulse  Stuffing  TDM  Network  Study,"  another 
companion  document  (Ref.  14)  describes  the  experiments  which  will  be  accomplished 
with  the  SLMS  during  Phase  II.  This  document  amplifies  on  the  capability  of  the 
SLMS. 

A result  of  using  the  hardware  simulator  is  that  a portion  of  the  study 
has  been  directed  to  investigating  instrumentation  methods.  Several  ideas  for 
Jitter  Test  Sets  to  verify  compliance  with  specifications  have  been  generated. 
These  ideas  stem  from  the  requirements  to  measure  peak-to-peak  jitter  and  RMS 
jitter  using  the  concept  of  obtaining  time  waveform  snapshots.  A phase  detec- 
tor/oscilloscope combination  will  be  used  to  derive  snapshots  for  the  tests  in 
Phase  II. 
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5.0  DESIGN  CHARACTERISTICS  OF  PULSE  STUFFING  MULTIPLEXER  NETWORK  SYSTEMS 

The  prime  objective  of  this  study  is  to  provide  knowledge  of  the  per- 
formance of  networks  utilizing  pulse  stuffing  second  level  multiplexers.  Prior 
sections  have  discussed  the  groundwork  that  was  layed  to  elicit  this  knowledge. 
This  section  discusses  the  results  to  date.  These  results  were  obtained  from 
the  analysis  and  software  efforts;  findings  from  the  hardware  simulator  effort 
will  be  included  in  the  final  report. 

In  designing  a pulse  stuffing  multiplexer  network  system,  normally, 
the  following  parameters  are  fixed  by  the  application: 

• Number  of  nodes 

• Tributary  channel  input  rate  and  tolerance 

• VCO  nominal  frequency  (this  study  only  considered  single 
tributary  channel  input  rate  systems) 

• Bit  synchronizer  parameters  (although  a tradeoff  could 
result  from  jitter  vs  bandwidth  noise  considerations) 

The  following  parameters  are  usually  design  parameters  selected  by  the  system 
designer: 

• Data  transport  rate  (including  selection  of  multiplexer 
category) 

• Number  of  bits  between  stuffing  opportunities  (a  function 
of  the  overhead  bits) 

• Smoothing  loop  order  and  parameters  (including  the  demul- 
tiplex/smoothing loop  interface  elastic  buffer  sizing) 

The  bit  synchronizer  parameters  normally  establish  the  acceptance 
criteria  for  jitter  tolerance.  The  selection  of  multiplexer  categories  is 
dramatically  impacted  by  other  criteria  (i.e.,  the  desire  to  select;a  pulse 
stuffing  scheme  which  is  more  readily  adapted  to  a synchronizer  transmission 
scheme).  For  the  four  pulse  stuffing  multiplexer  schemes  described  in  the 
literature,  the  following  is  a broad  sweeping  summary  of  their  applications: 

• Negative  stuffing  is  not  popular 

• Positive  stuffing  has  been  used  successfully  but  is 
not  directly  adaptable  to  synchronous  systems 

• Positive-zero-negative  stuffing  has  low  frequency 
stuffing  jitter  components  which  are  difficult  to 
filter 
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• Positive- negative  stuffing  was  proposed  as  an  alternative 
to  the  low  frequency  stuffing  jitter  components.  This 
CCITT  recommendation  was  not  studied  because  of  present 
program  resource  limitations. 

The  first-order  smoothing  loop  has  a minimum  bandwidth  limitation 
imposed  by  a combination  of  phase  detector  operating  range  (elastic  buffer  size) 
and  the  d?ta  rate  deviation  tolerance  range  of  the  tributary  input  channel.  A 
second-order  smoothing  loop  is  necessary  if  a lower  bandwidth  smoothing  loop 
is  needed.  However,  a second-order  loop  has  the  undesirable  property  of 
enhancing  certain  bandwidths,  consequently,  a judicious  compromise  of  damping 
ratio  (t)  and  natural  frequency  is  needed. 

5.1  Output  Jitter  Characteristics  of  Second  Level  Multiplexers 

The  characteristics  of  the  jitter  presented  at  the  output  of  a pulse 
stuffing  multiplexer  have  been  analyzed  with  a considerable  degree  of  rigor  by 
several  investigators  (Ref.  1,2,3).  The  most  comprehensive  published  analysis  of 
this  jitter,  including  the  effects  of  the  smoothing  loop  and  cascaded  systems 
has  been  presented  by  Duttweiler.  This  study  effort  capitalizes  on  this  work 
and  further  expands  the  investigative  areas  with  a time  domain  approach  in  an 
effort  to  understand  the  influencing  factors. 

Normally,  the  multiplexers  are  required  to  operate  over  a range 
(tolerance)  of  tributary  input  channel  digital  rates.  This  implies  that  the 
multiplexer  will  operate  over  a range  of  stuffing  ratios  since  the  stuffing 
ratio  is  a function  of  the  tributary  input  channel  digital  rate,  the  data 
transport  rate,  and  the  number  of  bits  between  stuffing  opportunities.  The 
latter  two  are  design  parameters,  which  are  selected  during  system  design. 

The  former  is  a system  operating  requirement. 

The  phase  jitter  waveform  caused  by  the  stuffing/destuffing  process 
is  a highly  complicated  function  of  the  pulse  stuffing  format.  This  waveform 
consists  of  two  elements:  pulse  stuffing  jitter  and  waiting  time  jitter.  The 
stuffing  jitter  is  a function  of  the  data  transport  rate  and  the  tributary 
channel  input  digital  rate.  Its  amplitude  is  1 bit  (the  stuffed  bit),  and  its 
rate  is  the  difference  of  the  two  rates.  The  waiting  time  jitter  is,  in  reality, 
a modulation  of  the  stuffing  jitter  brought  about  because  stuffing  must  be  delayed 
until  the  next  stuf fable  digit  time  slot  occurs.  Its  frequency  is  governed  by  the 
stuffing  rate  and  the  stuffing  opportunity  rate.  It  is  a function  of  the  beat 
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between  the  two  rates  as  well  as  subharmonics  of  this  beat  frequency.  The 
amplitude  ranges  from  a peak  value  of  p (stuffing  ratio)  bits  to  0 bits. 

Normally,  before  the  distributary  channel  output  is  routed  to  the  output  ^ 

port  of  the  first  level  demultiplexer,  it  is  filtered  bv  a smoothing  loop.  The 
smoothing  done  on  the  phase  jitter  is  a function  of  the  smoothing  loop  band- 
width and  the  frequency  content  of  the  phase  jitter.  In  a positive  pulse 
stuffing  multiplexer,  the  data  transport  rate  can  be  selected  so  that  the  1 

pulse  stuffing  jitter  frequency  is  high  and  can  be  easily  filtered.  In  a i 

positive-zero-negative  stuff  multiplexer  the  data  transport  rate  is  fixed,  ] 

usually  at  midrange  of  the  tributary  channel  input  data  rate  tolerance.  The 
smoothing  loop  bandwidth,  theoretically,  is  bound  by  the  slew  rate  of  the  i 

tributary  input  channel  data.  In  practice  the  bandwidth  is  limited  by  the 
practicality  of  using  a smoothing  loop  with  extremely  narrow  bandwidths.  j 

The  formatted  overhead  bits  control  the  number  of  data  bits  per  I 

stuffing  opportunity.  A larger  number  of  overhead  bits  is  required  to 
lower  the  number  of  data  bits  per  stuffing  opportunity.  For  a selected  j 

data  transport  rate,  the  smaller  the  number  of  data  bits  per  stuffing  oppor- 
tunity, the  lower  the  stuffing  ratio,  p,  and  consequently,  the  lower  the  j 

waiting  time  jitter  magnitude.  However,  the  larger  number  of  overhead  bits 
increases  the  bandwidth  requirements.  Also  the  increased  number  of  stuffable  ! 

time  slots  increases  the  probability  of  error,  consequently,  decreasing  the  ' 

reliability  of  operation.  | 

5.1.1  Effects  of  Varying  the  Stuffing  Ratio 

The  literature  search  indicated  that  Duttweiler  (Ref.  2)  has  the  most 
comprehensive  set  of  results.  A reproduction  of  his  Figure  10,  shown  in 
Figure  5. 1.1-1,  demonstrates  the  effect  of  varying  the  tributary  input  channel  i 

data  rate  for  a given  second  level  multiplexer  configuration.  This  theoretical 
curve  is  for  a specific  Bell  M12  application  with  5368  Hz  stuffing  rate  and  a 
double  pole  at  322  Hz. 

At  the  lower  stuffing  ratios,  the  offset  between  the  data  transport 

rate  and  the  tributary  channel  input  rate  was  low  enough  that  the  smoothing 

filter  was  not  adequate  to  significantly  attenuate  the  pulse  stuffing  jitter 

\ ^ 

component.  At  a stuffing  ratio  near  1,  the  peak-to-peak  waiting  time  jitter 

is  1 bit  and  its  frequency  is  low  so  that  the  smoothing  filter  doesn't  attenuate  j 
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it.  Consequently,  at  a stuffing  ratio  near  0 or  1,  the  peak-to-peak  jitter 
is  1 bit  so  that  the  RMS  value  is  10.8  dB  below  1 bit.  Near  the  jitter 
should  be  % bit  or  6 dB  below  the  value  at  p=l.  Other  jitter  values  near 
p=l/3,  1/4,  and  1/5  should  have  peak-to-peak  amplitudes  of  1/3,  1/4,  and  1/5 
respectively  so  that  the  RMS  values  should  be  9.6,  12  and  14  dB  below  the  RMS 
value  at  p=l.  These  results  derived  from  the  model  that  the  peak-to-peak 
value  of  waiting  time  jitter  is  equal  to  p are  the  same  results  as  those  shown 
in  Figure  5. 1.1-1. 
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Figure  5. 1.1-1.  A Theoretical  Graph  of  the  RMS  Amplitude 
of  Filtered  Waiting  Time  Jitter  as  a Function  of 
p with  H(f)  Assumed  to  have  a Double  Pole 
at  0.06  Cycle  per  Stuffing  Opportunity 


Using  the  software  simulator,  MUXJIT,  an  experiment  was  conducted 
which  involved  varying  the  number  of  bits  per  stuffing  opportunity.  A postu- 
lated VICOM  Tl-4000  model  was  used.  The  data  transport  rate  was  1,544,935  Hz, 
the  tributary  channel  input  rate  was  1,544,000  Hz,  and  the  smoothing  loop 


cutoff  frequency  was  46.75  Hz.  The  experiment  involved  the  given  set  of  data 
bits  per  stuffing  opportunity  of  288,  576,  864,  and  1152,  with  a corresponding 
p = .1743,  .3486,  .5229,  and  .6972.  The  results  of  RMS  jitter  and  peak-to- 
peak  jitter,  both  in  degrees,  are  shown  in  Figures  5. 1.1 -2  and  5. 1.1 -3,  re- 
spectively. In  this  particular  experiment  the  effect  of  stuffing  jitter  is 
held  constant;  that  is,  the  data  rate  offset  between  data  transport  rate  and 
tributary  channel  input  rate  was  not  varied  and  neither  was  the  smoothing 
loop's  cutoff  frequency.  This  variation  is  strictly  attributed  to  waiting  time 
jitter.  The  results  parallel  Figure  5. 1.1-1;  however,  such  comparisons  are 
limited  by  the  small  quantity  of  data  points. 

An  effort  was  made  to  isolate  and  analyze  the  elements  that  affect 
the  waiting- time  jitter  frequencies.  A heuristic  approach,  based  on  observ- 
ations of  results  from  MUXJIT,  was  pursued.  The  literature  seach  stated  that 
waiting  time  jitter  was  a complex  waveform  which  is  a function  of  the  stuffing 
ration,  p.  A deterministic  procedure  similar  to  one  used  by  Iwerson  (Ref.  15) 
was  proposed  as  feasible  by  Duttweiler.  However,  the  power  spectrum  of  waiting 
time  jitter  in  his  article  was  derived  using  random  process  theory.  The  approach 
pursued  here  was  slanted  at  deriving  an  understanding  of  the  cause  in  a relative 
short  time  and  is  consequently  not  as  mathematically  rigorous  in  nature. 

The  stuffing  ratio  P = ^ » where  p is  the  ratio  of  stuffing  rate 

to  the  stuffing  opportunity  rate.  The  stuffing  rate,  also  known  as  the  offset 

frequency,  is  assumed  to  be  a constant  value  for  this  analysis.  This  rate  is 

the  difference  between  the  data  transport  rate  and  the  tributary  channel  input 

rate.  If  n is  an  integer,  then  there  is  no  waiting-time  jitter  and  stuffing 

occurs  at  the  stuff  rate.  If  n is  a rational  number,  but  not  an  integer,  then 
M 1 

p = = — , where  M and  N are  integers.  Defining  [n]  to  represent  the  greatest 

integer  function  of  n and  setting  m=[n],  it  is  noted  that  the  waiting  time 
effect  will  generate  a waveform  which  consists  of  stuffs  occurring  at  m or 
m+1  stuffing  opportunities  apart. 

Letting  a = number  of  periods  of  m stuffing  opportunities 
in  length  contained  in  the  sequence. 

8 = number  of  periods  of  m+1  stuffing  opportunities 
in  length  contained  in  the  sequence. 

a + 6 = M 

otm  + 6(nH-l ) = N 
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From  these  expressions  the  number  of  m and  nH-1  periods  can  be  obtained.  Note 
that  the  overall  period  Is  N stuffing  opportunities,  and  M stuffs  occur  during 
that  period.  If  n Is  an  Irrational  number,  then  there  Is  no  overall  period. 

The  waiting  time  effect  will  generate  a waveform  which  consists  of  stuffing 
occuring  at  m and  m+1  stuffing  opportunities. 

Observation  of  the  waveform  patterns  provide  Interesting  Insight 
Into  the  various  frequencies  generated.  Table  5.1.1  shows  some  results  of  this 
heuristic  Investigation  of  waveforms  generated  while  conducting  experiments 
using  MUX JIT.  It  Is  pointed  out  that  while  the  stuffing  ratio  used  In  the 
experiments  contained  extremely  long  sequences,  the  observations  were  truncated 
to  a proximity  stuffing  ratio  number  which  yielded  a short  sequence.  This  is, 
of  course,  attributed  to  the  run  time  limitation. 

In  Table  5.1.1  the  first  three  columns  show  the  control  parameters 
for  the  specific  experiment.  Column  4 depicts  the  observed  experimental 
repetitive  sequence.  This  sequence  Is  shown  as  a sequence  of  ordered  pairs 

ki'li,  ^2~^z designation  1 Is  the  distance  between  stuffs 

stated  In  number  of  stuffing  opportunities,  and  k Is  the  number  of  times  that 
1 Is  repeated  before  proceeding  to  the  next  ordered  pair  In  the  sequence. 

Then  the  sequence  repeats  Itself.  The  brace  shows  the  number  of  subsequences 
(P)  within  the  sequence.  Column  5 shows  the  measured  values^M  and  N,  where 
M =^|i  k^,  s=number  of  ordered  pairs  In  the  sequence,  N = Column  6 

tabulates  the  measured  p and  n,  where  p=M/N,  and  n=l/p.  Note  that  this  column 
shows  the  proximity  rational  number  that  was  observed  during  the  time-limited 
run.  Column  7 Indicates  observed  frequencies  of  the  sequence  events.  It  is 
noted  that  m and  itH-1  divided  Into  the  stuffing  opportunity  rate  (SO  RATE  shown 
In  column  3)  are  fundamental  frequencies.  However,  what  Is  listed  in  column  7 
are  subharmonics  generated  by  the  overall  sequence.  They  are  computed  from 

(SO  RATE/N),  and  the  subsequent  value  is  computed  by  P(S0  RATE/H).  These  lower  fre- 
quencies are  considered  of  interest  because  they  are  normally  hard  to  eliminate 
with  the  smoothing  loop.  There  are,  of  course,  higher  order  harmonics  of  these 
frequencies  occurring  in  the  waveshape.  Within  the  scope  of  this  effort,  deter- 
mination of  such  was  not  considered  necessary.  Also  note  that  other  lower 
frequencies  created  In  essence  by  the  long  periodicity  of  the  specific  p are 
not  available  because  of  the  limited  run  time.  In  fact,  extremely  low  frequency 
variations  are  not  considered.  This  Is  not  a problem  because  they  can  be  tracked  by 
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Waiting  Time  Jitter  Frequencies  Observed  From  MUXJIT  Results 


*k-l  where  k is  number  of  times  the  sequence  repeats,  1 is  number  of  stuffing  opportunities  in  the  sequence 
♦Stuffing  Opportunity  Rate 


the  bit  synchronizer.  It  is  observed  that  for  a given  stuffing  ratio  p and 
its  corresponding  n,  a constant  offset  frequency,  and  m<n<nH-l,  the  waveform 
consists  of  a combination  of  stuffs  which  occur  at  m or  m+1  stuffing  oppor- 
tunities apart.  It  is  further  noted  that  the  combination  of  m length  stuffs 
and  m+1  length  stuffs  are  used  in  a sequence  such  that 

_ am+g(m+l) 
a+e 


a = number  of  m length  stuffs 
g = number  of  m+1  length  stuffs 

That  is,  they  are  used  a given  number  of  times  to  produce  an  average  equal  to 
n stuffs.  An  m+1  stuff  always  starts  the  sequence.  If  m=n-e  with  e«0,  the 
sequence  contains  a large  number  of  m stuffs;  if  n=m+l-e  with  e«0,  the  sequence 
contains  a large  number  of  m+1  stuffs.  Should  n^m+ig,  the  sequence  would  consist 
of  the  alternating  sequence,  m+1  stuff  followed  by  m stuff.  When  n=m+Js,  the 

3 

sequence  consists  of  one  m+1  stuff  followed  by  three  m stuffs;  if  n=m+^,  then 
the  sequence  consists  of  three  m+1  stuffs  followed  by  one  m stuff. 

It  is  further  noted  that  for  n<m+J5  the  sequence  will  consist  of  iso- 
lated m+1  stuffs;  that  is,  m+1  stuffs  are  not  bunched  together  but  rather  they  are 
isolated  from  each  other  by  m stuffs,  m stuffs  can  be  bunched-up;  in  fact,  as 
n-Hn  larger  grouping  of  m stuffs  appear  in  a given  sequence.  Conversely,  for 
n>m+J5,  the  sequence  will  consist  of  isolated  m stuffs,  and  m+1  stuffs  can  be 
bunched  together.  As  rnm+l,  larger  groups  of  m+1  stuffs  appear  in  the  sequence. 

In  the  n<m+)s  case,  the  sequence  has  an  immediate  build-up  of  jitter 
when  the  m+1  stuff  occurs.  This  jitter  (phase  displacement)  is  gradually  reset 
during  the  sequence  of  m stuffs,  until  the  next  m+1  stuff  when  the  jitter  is 
again  built  up.  Note  that  the  reset  does  not  necessarily  return  the  phase  dis- 
placement to  the  original  value.  When  this  happens,  there  are  subharmonics 
generated  by  this  sequence.  In  the  n>m+)s  case  the  sequence  gradually  builds 
up  and  dramatically  resets. 

Two  additional  examples  to  amplify  the  preceding  discussion  are  given 

below: 
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a)  GIVEN  n=2.01,  consequently,  p =0.4975,  m=2,  and  m+l=3. 

In  this  example  M=100  and  N=201.  This  sequence 
consists  of  1-3,  99-2.  In  essence,  it  has  a rapid 
buildup  of  jitter  offset  and  a gradual  reset. 

b)  GIVEN  n=2.99,  consequently,  p=0.3344,  m=2,  and  m+l=3. 

In  this  example  M=100  and  N=299.  This  sequence 
consists  of  99-3,  1-2.  In  essence,  it  has  a gradual 
buildup  of  jitter  offset  and  a rapid  reset. 

In  summary,  the  waiting- time  jitter  is  controlled  by  the  functions 
which  make  up  the  stuffing  ratio.  As  the  stuffing  ratio  varies,  it  changes  the 
frequencies  and  amplitude  of  waiting  time  jitter. 


5.1.2  Effects  of  A Smoothing  Loop 

Although  a portion  of  waiting  time  jitter  will  generally  occur  at 
low  frequencies  so  that  it  cannot  be  removed  by  smoothing,  the  stuffing  jitter 
component,  if  the  offset  frequency  is  of  sufficient  magnitude,  can  be  signifi- 
cantly attenuated  by  narrow  bandwidth  smoothing  loops.  It  is  obvious  that  the 
narrower  the  loop  bandwidth,  the  lower  the  output  jitter. 

Using  a first  order  loop,  the  peak-to-peak  output  stuffing  jitter  is 
expressed  as: 


Ay 


p-p 


(l-e-2’^^c) 


2Trf, 


1+1 


and  the  RMS  output  stuffing  jitter  is  expressed  as 


Ay, 


RMS 


1 


1 


(2Trf^)^ 


(l+e'^’'^c) 

(l-e'^’^^c) 


The  effect  of  f^,  the  smoothing  loop  bandwidth  normalized  to  stuffing  rate,  on 
peak-to-peak  stuffing  jitter  is  shown  in  Figure  5. 1.2-1  and  on  RMS  stuffing  jitter 
in  Figure  5. 1.2-2. 
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The  actual  phase  jittered  waveform  attributed  to  stuffing  jitter 
when  smoothed  by  a first  order  loop  is  shown  in  Figure  5. 1.2-3  for  a time  period 
normalized  to  the  stuffing  rate  period.  The  equation  for  the  stuffing  jitter  as 


a function  of  time  and  f is 

c 


y(t)  = t 


_1 . ,-2nf-t  e'^'^c 


The  instantaneous  bit  rate  waveforms  for  stuffing  jitter  at  the  output  of  a 
first  order  smoothing  loop  is  given  by  the  equation 


f(t)  - ■ 


These  results  are  shown  in  Figure  5. 1.2-4.  The  peak-to-peak  bit  rate  deviation 
as  a function  of  f^  is  given  by 


“''max  ' • 

This  expression  is  derived  from  Af^^^^^^sf (0.5)-f(-0.5) . This  implies  that  Af  is 
a factor  of  2tt  larger  than  f^.  Figure  5. 1.2-4  shows  that  Af  is  not  centered 
about  the  tributary  channel  input  frequency,  f=0.  (Note  these  are  incremental 
models  around  nominal  values.) 

The  frequency  slew  rate,  or  rate  of  change  of  frequency,  for  the 
stuffing  jitter  smoothed  by  a first  order  loop  is  given  by  equation 


-2nf  t e'^^c 

s(t)  - (2irf^)  e c „-2nfc 

l-e  ^ 


The  frequency  slew  rate  as  a function  of  f^  for  a stuffing  rate  time  slot  is 
shown  in  Figure  5. 1.2-5. 

Using  a second-order  loop,  the  RMS  output  stuffing  jitter  is  expressed 


INSTANTANEOUS  BIT  RATE 


Figure  5. 1.2-4.  Instantaneous  Bit  Rate  Waveform  at  the 
Output  of  a First  Order  Smoothing  Filter 
Attributed  to  Stuffing  Jitter 
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Figure  5. 1.2-5.  Rate  of  Change  of  Instantaneous  Bit  Rate  at  the  Output 
of  a First  Order  Smoothing  Loop  Attributed  to  Stuffing  Jitter 

«;_i7 


A range  0.707<c<5  is  selected  to  avoid  low  values  of  c which  result  in  enhance- 
ment of  frequencies  in  the  bandwidth  0.5<— <1.4  and  larger  values  which  require 

(i]p 

extremely  small  values  of  (e.g. , for  c=5.00,  up 


The  actual  phase  jitter  waveform  normalized  over  a stuffing  rate  period 
and  attributed  to  stuffing  jitter  smoothed  by  a second  order  loop  is 


y(t)  = t + 


-a/2  -at 
ae  e 


The  instantaneous  bit  rate  waveform  for  stuffing  jitter  at  the  output  of  a second 
order  smoothing  loop  is  given  by  the  equation 


f(t)  = 1 + 


2 -a/2  -ot 
a e e 


The  frequency  slew  rate  for  the  stuffing  jitter  smoothed  by  a second  order 
smoothing  loop  is  given  by  equation 


s(t)  = 


1 

a-3 


3 -a/2  -at 
a e e 


Studying  the  software  simulation  results,  some  interesting  facts  about 
the  effects  of  waiting  time  jitter  on  the  smoothed  output  jitter  arise.  First, 
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Where,  n 


TgQ  = l/(SO  RATE), 


and  SO  RATE  = Stuffing  opportunity  rate. 


Next  observe  that 


Consequently, 


m<n<m+l,  where  n integer 


and 


JL  < 1 < JD+L 
n n 


Observe  that  for  a first  order  smoothing  loop 


/.V  . 1 . 

y(t)  • t - t e c 


Using  the  stuffing  period  range  ->5<t<*5,  we  find 


JL. . ^ < jj  < jnil- . jj 
n ^ ^ n 


Hence,  the  stuffing  period  is  modified  to  a combination  of  two  periods 
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< t < H and 


-Sj  < t < 


irH-1 

n 


- H . 


Observing  that  Oip^l;  hence,  l<n<«.  If  n is  a noninteger,  the  smallest  value  of 
n is  n=l+e.  Setting  m=l  and  m+l«2,  the  upper  limit  of  normalized  t in  y(t)  for 
the  m+1  stuff  is  given  by 


As  e->0,  The  lower  limit  for  the  m+1  stuff  is  1. 

The  upper  limit  for  the  m stuff  is  1,  and  the  lower  limit  is  given  by 

^min  n ^ " 1+6  " ^ ‘ 

As  6->l,  Consequently, 

^ ^m  stuff 
^ Vl  stuff  ^ ’ 

The  equation  for  y(t)  showing  the  effect  of  waiting  time  jitter  is  given  in 

Figure  5. 1.2-6.  It  is  noted  that  as  p-+0  the  maximum  deviations  of  and 

^ becomes  smaller  because  n-H»  and  the  two  ratios  ->1  as  a bound.  Small  values 
n 

of  p have  lower  waiting  time  jitter. 

For  m<n<m+J5,  as  was  noted  earlier,  there  is  an  immediate  build  up  of 
jitter  when  the  m+1  stuff  occurs.  The  sequence  is  gradually  reset  during  the 
series  of  m stuffs.  For  m<n<m+l,  the  maximum  phase  jitter  can  be  computed  for 
the  m+1  stuff 
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Figure  5. 1.2-6.  Phase  Jitter  Waveform  at  Output 
of  First  Order  Smoothing  Filter 
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Remember,  m<n<m+l  establishes  the  value  of  m.  That  is,  m is  the  greatest  integer 
in  n. 

For  m+J5<n<m+l,  the  waveform  has  an  immediate  letdown  during  m stuffs 
and  a gradual  build-up  during  the  m+1  stuffs.  In  essence,  at  the  end  of  the 
short  m stuff,  an  itH-1  stuff  follows.  The  large  jitter  displacement  starts  with 
the  m stuff  and  reaches  a minimum  at  the  minimum  of  the  following  m+1  stuff. 
Consequently,  for  m+*5<n<m+l,  the  maximum  phase  jitter  can  be  computed  from  the 
start  of  the  m stuff  to  the  minimum  value  of  the  following  m+1  stuff. 


%_p  = %-p  STEPDOWN  * %-p  STUFFING  JITTER 


From  these  two  equations,  an  equation  of  established  for  the  range 

OspsJ.  as  a function  of  f^.  It  was  mentioned  earlier  that  the  reset  does  not 
necessarily  return  the  phase  displacement  to  the  original  value.  These  equations 
do  not  account  for  subharmonics  generated  by  this  sequence.  However,  this  jitter 
is  a second  order  effect  and  doesn't  generate  the  displacement  magnitudes  of  the 
m and  m+1  stuffs. 

The  time  associated  with  rapid  build-up  for  m<n<m+J5  is  given  by 


At  = p(m+l) 


1 


In 


2nfc 

l-e"^’'^c 
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The  time  associated  with  rapid  reset  for  m+>5<n<m+l  is  given  by 


= p(m)  + 2Trf 


l.e-""^c 


Results  of  experiments  varying  the  cutoff  filter  for  models  of  the 
Bell  M12,  VICOM  Tl-4000,  and  the  AN-GSC-24  are  shown  in  Figure  5. 1.2-7  and 
5. 1.2-8. 

5.1.3  Effects  of  Cascading  Second  Level  Multiplexers 

Duttweiler  (Ref.  2)  had  the  most  comprehensive  discussion  on  this 
subject.  He  established  an  upper  bound  based  on  theoretical  spectrum  analysis 
approach  and  then  used  experimental  data  to  verify  his  analysis.  In  essence, 
he  concluded  that  the  RMS  jitter  amplitude  at  the  output  of  the  node  is  no 
greater  than  /N/6,  and  that  the  rate  of  accumulation  of  jitter  is  no  faster 
than  v^.  It  is  further  pointed  out  that  to  obtain  this  bound  on  the  growth 
rate,  it  was  not  necessary  to  assume  the  stuffing  ratios  at  each  syn- 
chronizer identical  nor  the  transfer  function  of  each  desynchronizer  (demul- 
tiplexer) identical.  Experimental  data  gathered  for  cascade  lengths  of  1,  2, 

4,  8,  and  16  over  six  different  stuffing  ratios  were  used  to  prove  the  bound. 
While  no  data  inconsistencies  were  noted  with  the  upper  bound,  some  data  was 
inconsistent  with  the  predicted  accumulation  of  jitter.  These  inconsistencies 
could  not  be  explained. 

In  pursuing  the  study  of  jitter  in  cascaded  multiplexer  networks,  the 
effort  resorted  to  a GASP  IV  computer  simulation,  MUXJIT,  to  derive  results.  The 
difficulty  with  handling  the  effort  analytically  arises  from  the  fact  that  the 
required  model  involves  variable  discrete  time  events  and  continuous  bit  streams. 
This  task  is  more  readily  handled  by  MUXJIT. 

In  order  to  isolate  the  effect  of  cascading  jitter,  it  is  necessary 
that  the  effects  due  to  stuffing  ratio  and  offset  frequency  variations  be 
absolutely  controlled.  It  was  discussed  previously  that  variations  in  offset 
frequency  will  impact  the  effect  of  smoothing  loop  filtering  on  the  stuffing 
jitter.  The  tributary  channel  input  data  rate  is  a single  source  and  was  con- 
sidered isochronous.  The  data  transport  digital  rates  for  the  various  nodes 
of  a hardware  implementation  are  more  than  likely  different.  However,  allowing 


Figure  5. 1.2-7.  RMS  Jitter  Versus  Bandwidth  (f  ) for  the  Bell  M12 

and  VICOM  Tl-4000 
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Figure  5. 1.2-8.  RMS  Jitter  Versus  Bandwidth  (f  ) 
for  the  AN/GSC-24  ^ 
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such  variations  in  the  software  simulator  will  compound  the  data  reduction 
and  limit  the  ability  to  draw  conclusions  from  such  efforts.  In  addition, 
variations  in  offset  frequency  also  cause  variations  in  stuffing  ratios.  As 
has  also  been  noted  earlier,  variations  in  stuffing  ratios  create  variations 
in  smoothed  output  jitter.  Consequently,  for  the  MUXJIT  experiments,  neither 
the  data  transport  rate  nor  the  bits  per  stuffing  opportunity  were  varied  within 
the  cascaded  network. 

Experiments  were  conducted  using  different  models  and  different  values 
of  smoothing  loop  filter  bandwidths,  f^.  Due  to  program  limitations,  experiments 
using  phase  variations  for  the  node  locations  of  the  stuffing  opportunities  as 
well  as  second  order  loop  experiments  were  not  conducted. 

An  observation  about  experimental  testing  using  field  equipment  is 
that  static  testing  techniques  are  necessary  to  avoid  introducing  systematic 
errors  for  parameters  which  cannot  be  controlled  for  such  experiments.  For 
instance,  if  low  rate  data  transport  nodes  are  used  as  the  last  node  of  a 
positive  stuffing  system,  they  would  systematically  yield  a higher  jitter 
reading.  Care  must  be  taken  when  drawing  conclusions  about  hardware  simulators 
where  all  the  variables  cannot  be  controlled. 

In  modeling  cascaded  nodes,  it  was  observed  that  the  phase  detector 
output  in  the  multiplexer  would  be  influenced  by  the  jitter  variations.  Ob- 
viously, the  input  data  channel  would  no  longer  be  an  isochronous  source,  but, 
rather,  its  instantaneous  bit  rate  would  be  variable.  This  data  stream  would 
be  mesochronous  with  the  original  input  signal  since  no  new  data  is  added,  no 
data  is  deleted,  and  no  data  is  stored  anywhere.  Note  that  elastic  buffers 
and  other  time  delays  only  delay  the  data  and  permit  smoothing  of  the  data,  but 
don't  change  the  average  bit  rate.  If  the  stuffing  ratio  is  maintained  con- 
stant, then  the  average  offset  frequency  (the  average  difference  between  the 
stable  data  transport  rate  and  the  input  channel  rate)  and  the  bits  per  stuf- 
fing opportunity  are  the  same.  If  the  average  offset  frequency  remains  the 
same,  then  the  number  of  stuffs  per  period  remains  the  same.  The  only  dif- 
ference that  can  occur  is  the  length  of  the  stuffing  periods.  Meanwhile,  the 
number  of  stuffs  and  the  average  stuffing  length  remains  the  same.  It  has  been 
observed  that  for  a given  p with  an  isochronous  tributary  input  channel  and 
m<n<m+l,  the  waveform  consisted  of  stuffs  which  occurred  at  m or  m+1  stuffing 
opportunities.  The  combination  of  m stuffs  and  m+1  stuffs  were  controlled  by 
a sequence  such  that 


_ aili+B(iTH-l) 

" ■ ot+6 

a+B,  the  total  number  of  stuffs,  which  is  controlled  by  the  offset  frequency, 
also  remains  constant.  It  was  speculated  that  possibly  the  sequence  could  be 
modified  to  include  m-1  stuffs  and  m+2  stuffs.  Then, 

aj(m-l)+a2{m)+a2(m+l)+a^(m+2) 

aj+a2+a2+a^  ’ 


where  aj+a2+a2+a^  is  the  total  number  o-:  stuffs  during  the  period. 

A major  revelation  of  this  study,  elicited  by  the  MUXJIT  experiments, 
is  that  jitter  does  not  accumulate  in  tandem  networks.  The  experiments  conducted 
include  models  of  the  VICOM  Tl-4000  and  Bell  M12.  The  original  experiments 
indicated  a cascading  impact,  but  closer  examination  of  the  results  show 
that  the  statistics  were  influenced  by  simulation  start  up  transient 
variations.  The  higher  bandwidth  smoothing  loop  experiments  using  proper 
observation  times  were  reconducted.  The  results  show  no  influence  of  cas- 
cading jitter.  Resources  did  not  permit  rerunning  the  lower  bandwidth 
experiments.  As  stated  earlier,  these  experiments  were  conducted  using 
the  same  phase  relationship  for  each  node  location  of  the  stuffing  oppor- 
tunity parameter.  The  results  of  these  experiments  are  shown  in  Figure 
5. 1.3-1  through  5. 1.3-4. 

Actual  tests  run  by  RADC  (Ref.  16)  revealed  that  jitter  measurements 
for  cascaded  networks  do  not  always  show  an  increase  in  jitter  for  increased 
number  of  nodes  in  tandei” 

The  task  of  analyzing  the  effects  of  cascading  jitter  with  a variable 
tributary  input  channel  rate  was  not  addressed  as  part  of  this  preliminary  study. 
Neither  was  the  case  of  small  offset  frequencies  for  the  positive-negative  class 
of  multiplexers.  In  such  cases,  perhaps  additional  compensating  positive  and 
negative  stuffs  could  result. 
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EXPERIMENTAL  RESULTS  ONLY  FOR  ONE  PHASE  RELATIONSHIP  OF  STUFFING 
INTERVAL  AMONG  CASCADE  NODES. 


LOWER  FREQUENCY  EXPERIMENT  IS  IMPACTED  BY  START-UP  SINCE  ITS 
EXPERIMENTS  WERE  NOT  PRECISELY  STARTED  AND  TERMINATED  OVER  A 
PRECISE  NUMBER  OF  "WAITING  TIME"  JITTER  PERIODS.  FURTHERMORE 
PARTS  OF  THE  PERIOD  APPEARED  FROM  THE  START-UP  TRANSIENT  AREA. 


Figure  5. 1.3-1.  RMS  Jitter  vs  Number  of  Nodes  for  VICOM  Tl-4000 
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Figure  5. 1.3-2.  RMS  Jitter  vs  Number  of  Nodes  for  Bell  M12 
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Figure  5. 1.3-3.  Peak  to  Peak  Jitter  vs  Number  of  Nodes 
for  VI COM  T 1-4000 
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Figure  5. 1.3-4.  Peak  to  Peak  Jitter  vs  Number  of  Nodes 

for  Ben  M12 
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Input  Jitter  Characteristics  of  First  Level  Multiplexers 

One  potential  problem  area  in  integrating  the  mesochronous  multiplexer 
into  a system  which  contains  modems  or  bit  synchronizers  is  the  effect  that  the 
bit  jitter  has  on  data  transmission  bit  timing  recovery  circuits.  Excessive 
input  jitter  which  may  occur  can  possibly  cause  a bit  sync  to  lose  lock  or  slip 
bits.  Since  the  bit  synchronizer  output  timing  is  used  to  make  bit  decisions,  it 
is  not  enough  that  the  bit  sync  track  the  average  input  timing,  it  must  track  the 
instantaneous  bit  timing  or  the  data  decisions  will  be  made  with  a timing  error. 
With  matched  filter  demodulation  of  unfiltered  NRZ  data,  a timing  error  of  0.25 
bits  corresponds  to  a 6 dB  loss  in  signal-to-noise  ratio  and  a timing  error  of 
0.1  bit  corresponds  to  a 1.9  dB  loss  in  signal-to-noise  ratio.  The  ability  of 
the  input  bit  synchronizer  to  track  input  jitter  is  improved  by  opening  up  its 
loop  bandwidth  but  this  impacts  the  effect  of  noise  on  the  bit  timing  recovery 
so  that  it  is  imperative  that  the  bit  sync  bandwidth  be  no  greater  than  necessary 
for  proper  data  demodulation. 

Curves  showing  the  interaction  of  a bit  synchronizer  with  a jittered  input 
clock  are  shown  in  Figure  5.2-1.  These  curves  show  the  peak  timing  error  when  a 
first  order  smoothing  loop  is  interfaced  with  a first  order  bit  synchronizer.  The 
figure  presents  the  information  for  a constant  ratio  of  bit  synchronizer  loop  band- 
width to  smoothing  filter  loop  bandwidth.  The  curves  only  consider  the  effects  of 
stuffing  jitter  since  the  analytical  model  used  did  not  consider  waiting  time  jit- 
ter effects.  These  curves  clearly  show  the  effect  just  discussed.  For  example, 
when  the  smoothing  filter  loop  has  a bandwidth  equal  to  the  stuffing  rate,  which 
from  Figure  5. 1.2-1  can  be  seen  to  have  an  output  jitter  of  55  percent  of  a bit, 
the  timing  error  is  significantly  decreased  only  when  the  bit  sync  has  a large 
bandwidth  of  approximately  10  times  the  stuffing  rate.  When  the  bit  synchronizer 
bandwidth  and  the  smoothing  filter  bandwidth  are  both  equal  to  the  stuffing  rate 
(k=l,f(-=i),  the  timing  error  is  approximately  30  percent  of  a bit,  which  corre- 
sponds to  an  8.0  dB  loss  in  signal-to-noise  ratio. 

The  preceding  example  serves  to  demonstrate  the  concept  of  interaction 
between  the  jittered  output  and  the  bit  synchronizer  timing  error.  However, 
since  the  principal  of  a bit  synchronizer  is  to  faithfully  track  the  incoming 
signal,  it  is  desired  to  avoid  the  static  phase  error  generated  in  first  order 
phaselocked  loops  by  differences  between  input  signal  frequency  and  VCO  nominal 
frequency.  Therefore,  a second  order  phaselocked  loop  is  used  in  the  bit  syn- 
chronizer. 


UNSMOOTHED 


I — 


A second  order  bit  synchronizer  has  been  modeled  on  MUXJIT.  In  order  to 
obtain  an  illustration  of  the  impact  of  jitter  on  a second  order  bit  synchronizer 
an  example  was  selected  using  the  VICOM  parameters  with  a nominal  tributary  input 
frequency  of  1.544  MHz  and  a resulting  stuffing  ratio  of  0.3486.  The  results  of 
this  experiment  are  shown  in  Figure  5.2-2.  In  the  figure  the  smoothing  filter 
bandwidths  selected  for  the  experiment  have  been  normalized  to  the  stuffing  rate 
frequency.  The  bit  synchronizer  bandwidths  were  selected  to  maintain  constant 
ratios  to  the  smoothing  loop  bandwidth.  This  was  done  to  present  data  in  a format 
similar  to  Figure  5.2-1.  The  results  shown  are  for  peak  phase  error  (deviation) 
between  input  and  output  signals  of  the  bit  synchronizer  and  were  derived  by 
fitting  curves  to  a set  of  MUXJIT  outputs. 

In  order  to  better  understand  the  effects  of  bit  synchronizer  bandwidths, 
an  additional  MUXJIT  output  format  is  presented  in  Figure  5.2-3  for  fixed  values 
of  bit  synchronizer  bandwidths.  It  differs  from  Figure  5.2-2  in  that  the  band- 
widths  shown  in  Figure  5.2-3  are  presented  for  a fixed  relationship  of  stuffing 
rate  frequency  and  are  independent  of  the  smoothing  filter  bandwidth.  Both 
figures  show  that  increasing  the  bit  synchronizer  bandwidth  produces  a reduction 
in  peak  error. 

The  curves  have  been  normalized  so  that  they  can  be  interpreted  independently 
of  the  specific  parameters  used.  It  should  be  noted  that  peak  error  induced  by  the 
second  level  multiplexer  is  a function  of  the  stuffing  ratio,  selected  as  shown  in 
Figure  5. 1.1-1.  The  effects  induced  by  a smoothing  filter  are  also  different  as 
shown  in  Figure  5. 1.2-7.  Figures  5.2-2  and  5.2-3  are  for  p=0.3486.  Consequently, 
the  application  of  these  curves  is  somewhat  restricted  by  this  selected  value. 

Since  the  curves  are  compiled  from  data  collected  from  MUXJIT,  some  deviation  is 
anticipated  in  fielded  equipment. 
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Figure  5.2-3.  Effect  of  Second  Order  Bit  Synchronizer  Bandwidth  on 
Peak  Error  Induced  by  Pulse  Stuffing  Jitter 
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Design  Characteristics  of  First  and  Second  Level  Multiplexers 


The  bit  synchronizer  receiver  design  in  the  first  level  multiplexer 
establishes  the  criteria  for  phase  jitter  tolerance.  The  second  level  multi- 
plexer design  controls  the  amount  of  phase  jitter.  Obviously,  both  have  many 
other  requirements  which  must  be  traded  off  against  jitter.  Usually,  the 
selection  of  the  bit  synchronizer  bandwidth  in  the  first  level  multiplexer 
results  from  a trade-off  between  narrow  noise  bandwidth  requirements  and  a 
large  tracking  bandwidth  requirement.  The  choice  of  second  level  multiplexers 
can  be  dictated  by  its  application.  A selection  of  a positive-negative  second 
level  multiplexer  will  be  made  if  it  is  deemed  necessary  to  have  a data  trans- 
port rate  equal  to  the  nominal  channel  rate.  Supposedly,  such  an  arrangement 
aids  in  the  transition  from  what  is  basically  a nonsynchronous  system  to  a 
synchronous  system.  The  selection  of  smoothing  loop  order  is  a matter  of 
economy.  A first  order  loop  design  would  be  more  economical.  However,  narrow 
bandwidths  in  a first  order  loop  require  a large  phase  error  to  achieve  the  same 
offset  frequency  deviations  in  the  VCO.  Consequently,  when  a tributary  input 
channel  nominal  frequency  is  different  from  the  VCD's  nominal  frequency,  a 
large  phase  error  is  required  to  offset  the  VCO  to  the  tributary  channel  rate. 

The  larger  phase  error  implies  a greater  increase  in  the  buffer  size.  Quanti- 
zation requirements  or  phase  error  granularity  cause  a practical  limitation  on 
buffer  size.  Consequently,  in  light  of  narrower  bandwidth  requirements  a second 
order  loop  becomes  a natural  choice  to  avoid  this  problem. 

5.3.1  Selecting  a Second  Level  Multiplexer 

The  tributary  input  frequency  range  is  normally  a design  input  for  the 
second  level  multiplexer.  From  a jitter  consideration  the  two  variables  to  he 
selected  are  data  transport  frequency  and  number  of  bits  per  stuffing  opportunity. 
In  essence,  the  desired  choice  is  to  select  a data  transport  frequency  such  that 
the  offset  frequency  is  large  so  that  it  can  be  filtered  readily  and  the  bits 
per  stuffing  opportunity  low  to  generate  the  lowest  possible  waiting  time  jitter. 

However,  other  constraints  normally  enter  into  the  picture.  A total 
data  rate  (channel  bandwidth)  limitation  will  place  restraints  on  the  use  of  a 
large  data  transport  frequency  and  a large  number  of  overhead  bits  (required  to 
identify  stuffing  opportunities).  In  fact,  for  a fixed  total  data  rate,  there 
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is  an  optimum  choice  of  data  transport  frequency  and  bits  per  stuffing  oppor- 
tunity for  minimum  total  jitter  for  a given  smoothing  loop  bandwidth. 

The  choice  of  one  of  four  schemes  considered  in  the  past  by  industry 

has  generally  been  narrowed  to  two  schemes:  positive  stuffing  and  positive- 

zero-negative  stuffing.  Negative  stuffing  is  generally  not  used.  The  fourth 
scheme  (positive-negative  stuffing)  has  been  proposed  but  not  implemented. 

Positive  stuffing  gives  the  added  degree  of  freedom  of  selecting  a 
data  transport  frequency.  This  enables  the  designer  to  select  a reasonable 
range  of  offset  frequencies,  where  the  stuffing  jitter  can  be  adequately  fil- 
tered by  the  smoothing  loop.  A positive-zero-negative  stuffing  scheme  does 
not  allow  the  designer  this  degree  of  freedom.  In  order  to  remove  the  impact 

of  stuffing  jitter  over  the  offset  frequency  range  (which  includes  zero  Hz),  it 

becomes  necessary  to  implement  a very  narrow  bandwidth  smoothing  loop.  The  CCITT 
recommendations  (Ref.  4)  were  strongly  in  favor  of  the  fourth  scheme  as  a solu- 
tion to  obtaining  a system  which  has  a data  transport  frequency  equal  to  the 
nominal  frequency  and  which  avoids  the  problem  of  removing  the  impact  of  stuf- 
fing jitter.  However,  this  scheme  was  not  addressed  during  the  course  of  this 
study  and,  consequently,  no  verification  of  the  CCITT  recommendations  can  be 
offered. 


5.3.2  Selecting  a Smoothing  Loop 

The  smoothing  loop’s  function  is  to  remove  the  jitter  introduced  by 
the  pulse  stuffing  operation  and  to  retime  the  data  to  the  original  tributary 
input  channel  rate.  Therefore,  a narrow  smoothing  loop  bandwidth  is  a desired 
feature.  The  limit  on  how  narrow  this  smoothing  loop  bandwidth  can  be  is  dic- 
tated by  the  data  bandwidth  of  the  tributary  input  channel.  However,  such 
data  slew  rates  are  usually  extremely  narrow,  so  the  bandwidth  limit  is  dic- 
tated by  the  practicality  of  implementing  narrower  bandwidths. 

The  choices  discussed  for  smoothing  loop  implementations  are  digital 
vs  analog  and  first  order  vs  second  order.  In  the  first  trade-off,  the  digital 
loop  design  can  provide  narrower  bandwidths  and  in  addition,  some  amount  of 
programming  of  ranges  should  it  be  desired.  This  fact  emerged  during  our 
hardware  simulator  design  phase.  It  was  also  obvious  that  neither  approach 
would  offer  an  overwhelming  cost  advantage.  The  digital  frequency  source  - 
NCO  (numerically  controlled  oscillator)  has  a source  of  jitter  associated  with 
the  approach  used  in  generating  the  frequency  variation  - pulse  slicing.  The 


digital  NCO  approach  has  a greater  resolution  (capability)  - lower  value  - 
than  is  achievable  by  the  analog  approach.  This  is  the  reason  that  lower  band- 
widths  can  be  achieved.  In  addition,  the  digital  second  order  loop  offers  a 
fairly  non-volatile  Af  memory.  Hybrid  loops  were  not  considered  in  this  hard- 
ware implementation. 

The  choice  of  first  order  vs  second  order  smoothing  loop  is  first  of 
all  one  of  economics.  A first  order  loop  is  more  economical.  However,  in  a 
first  order  loop  the  frequency  difference  between  the  VCO  nominal  frequency  and 
the  tributary  input  frequency  (Af)  is  maintained  by  a static  error.  This  error, 
in  radians,  is  computed  by  the  equation 


, where  cx  is  equal  to 


Whence, 


bits  . 


As  this  static  error  range  gets  larger,  the  ability  to  attain  accurate 
resolution  of  phase  error  is  impacted.  Extended  ranges  require  more  quantization 
to  maintain  the  same  resolution.  Loss  of  phase  error  resolution  impairs  attain- 
ing small  phase  detector  gain  values  K^.  This  restriction  places  a limit  on  the 
lower  bandwidths  for  a first  order  loop.  At  this  point  it  becomes  necessary  to 
select  a second  order  loop. 

A point  of  interest  is  that  instability  due  to  loop  delay  as  a result 
of  the  extended  phase  detector  range  does  not  appear  to  be  a factor.  The  exer- 
cise in  Appendix  D of  the  Design  Plan  (Ref.  13)  shows  that  there  is  a large 
stability  phase  margin  for  the  loop  bandwidths  in  question. 


5.3.3 


Selecting  a First  Level  Multiplexer  Bit  Synchronizer 


Unlike  the  smoothing  loop  whose  function  is  to  smooth  out  jitter,  the 
bit  synchronizer  is  intended  to  track  the  incoming  signal.  Timing  errors  result 
in  lower  signal-to-noise  ratios.  A small  phase  error  is  desired  and,  therefore, 
considered  to  be  the  criteria  for  good  tracking  performance  for  this  function. 

The  first  requirement  is  to  avoid  "velocity  offset"  Af  phase  errors,  consequently. 


a second  order  loop  is  selected.  The  assumption  is  that  the  input  contains  no 
acceleration  error  (e.g.  Doppler  frequency  change).  In  addition  to  the  Af 
error,  it  is  necessary  to  track  the  signal  variations  accurately.  This  is 
accomplished  by  using  a wide  bandwidth  in  relationship  to  the  distributary 
! input  signal  bandwidth  as  was  evident  in  Figure  5.2. 

; However,  it  is  also  a fact  that  output  phase  jitter  increases  as  the 

■ noise-to-signal  ratio  increases.  Phase  error  due  to  noise  has  fluctuating 
statistical  properties  and,  consequently,  noise  peaks.  No  matter  how  small 
the  noise  RMS  value,  there  is  always  the  probability  it  can  exceed  the  range 

■ of  the  phase  detector.  Because  sufficiently  large  noise  will  greatly  increase 
the  probability  of  exceeding  the  range  of  the  phase  detector,  it  becomes  neces- 

‘ sary  to  hold  the  noise  as  small  as  possible.  Other  than  possibly  controlling 

^ noise  sources  impacting  the  signal,  the  only  choice  available  to  the  designer  is 

narrowing  the  loop  bandwidth  to  reduce  noise.  Thus,  there  exists  a trade-off 
; between  the  noise  requirements  for  narrower  bandwidths  and  the  tracking  require- 

ments for  larger  bandwidths. 

The  noise  bandwidth  for  a second  order  loop  is  given  by 

which  yields  the  narrowest  noise  bandwidth  for  c=0.5.  In  addition,  values  of 
^ less  than  0.707  greatly  increase  the  oscillatory  nature  of  the  loop  response. 

The  value  c=0.707  gives  the  smallest  steady-state  phase  error  for  the  range  of 
5>0.707  (Ref.  17).  Thus,  a value  such  as  c=0.707  appears  as  a judicious  choice 
for  this  loop.  The  selection  of  is  then  the  subject  of  a trade-off  between  the 
noise-to-signal  ratio  and  the  tracking  error. 
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6.0 


IN-PLANT  TEST  AND  EVALUATION  (PHASE  II) 


Phase  II  served  as  an  operational  evaluation  phase  for  this  study. 

The  objectives  of  Phase  II  were  four- fold: 

• Validate  the  hardware  simulator 

• Obtain  jitter  data  to  enhance  the  understanding  of 
jitter  characteristics 

• Compare  results  with  those  obtained  during  the  analysis 
effort  (Phase  I)  and  interactively  upgrade  the  overall 
study  results. 

• Develop  and  validate  techniques  for  measurement  of 
jitter  in  fielded  equipment. 

These  four  objectives  were  satisfactorily  achieved  during  Phase  II. 

An  amenity  of  the  testbed  facility  was  the  rapidity  with  which  experiments  could 
be  accomplished.  The  hardware  simulator  is  a real-time  testbed;  consequently,  a 
large  number  of  experiments  were  accomplished  in  the  given  Phase  II  Study  time 
period.  The  hardware  testbed  experimental  results  provided  credence  to  the 
analysis  results. 

6. 1 Test  and  Evaluation  Summary 

The  in-plant  test  and  evaluation  phase  was  conducted  to  obtain  jitter 
data  from  the  second  level  multiplexer  simulator  (SLMS)  testbed.  There  are  three 
second  level  multiplexer  simulators  in  the  testbed.  Each  simulator  is  composed 
of  a jitter  simulator,  which  models  the  effect  of  stuff/destuff  actions  of  a 
multiplexer/ demultiplexer  pair,  and  a smoothing  loop.  The  smoothing  loop  filtered 
the  jitter  induced  by  the  pulse  stuffing  synchronization  technique  used  in  the 
second  level  multiplexers.  The  jitter  simulator  and  smoothing  loop  parameters, 
the  tributary  input  data  stream,  the  output  transport  data  stream,  the  number  of 
data  bits  between  stuffing  opportunities  and  the  bandwidth  were  varied  during 
these  tests.  The  effect  of  varying  a particular  parameter  on  jitter  was  tabulated 
by  measuring  the  peak-to-peak  and  RMS  values  of  jitter. 

The  test  and  evaluation  phase  consisted  of  the  thirteen  formal  tests 
outlined  in  the  test  plan  (Ref.  14).  Some  additional  experimentation  was  conducted 
to  verify  specific  subtle  analysis  points.  In  general,  most  of  the  tests  were  per^ 
formed  to  observe  jitter  as  a function  of  a particular  parameter  as  is  tacit  from 
the  preceding  paragraph.  The  last  test  in  the  series  (Test  13)  deserves  special 
mention  since  it  served  to  determine  the  effects  of  jitter  on  the  HN-74  E-CDS 


Receive  Unit.  This  unit,  which  receives  the  jittered  output  of  a second  level 
multiplexer  simulator,  was  used  as  an  input  to  a data  generator.  The  output  of 
the  data  generator  excited  the  HN-74  E-CDS  Receive  Unit.  This  unit  provided 
data  and  clock  to  an  error  detector  unit.  The  data  generator  and  error  detec- 
tor units  were  programmed  to  compare  data  streams  for  data  integrity.  The  error 
detector  unit  measures  average  error  rates.  Thus,  the  susceptibility  of  the 
HN-74  to  bit  slips  could  be  determined. 

The  data  obtained  from  the  testbed  verified  that  the  software  simula- 
tion and  hardware  simulator  produce  similar  r'esults.  There  are  several  graphs 
in  this  Section  which  can  be  compared  directly  with  the  analysis  results  presented 
in  Section  5.0.  In  particular,  the  data  for  jitter  versus  bandwidth  in  Subsection 

5.1.2  obtained  from  MUXJIT  and  that  obtained  from  the  testbed  in  Subsection  6.4.1 
compare  favorably.  Also,  the  prediction  that  there  is  no  jitter  accumulation 
from  node  to  node  is  reinforced  by  the  testbed  results.  In  addition,  a Duttweiler 
type  curve  was  produced  which  compares  favorably  with  the  theoretical  curve  in 
Figure  5. 1.1-1. 

6.2  Test  Matrix  Description 

In  order  to  perform  the  pertinent  experiments  in  a methodical  manner, 
a test  matrix  was  devised.  The  test  matrix  is  given  in  Table  6.2.  There  are 
thirteen  tests  tabulated  in  the  matrix.  The  first  twelve  tests  are  concerned 
with  varying  the  jitter  simulator  and  digital  smoothing  loop  parameters  to  study 
the  impact  on  the  creation  and  accumulation  of  jitter.  The  last  test.  Test  13, 
looks  at  the  effect  of  jitter  on  the  E-CDS  Receive  Unit  of  the  CY-104,  a first 
level  multiplexer. 

The  matrix  tabulates  the  experimental  control  parameters  and  the 
measurement  parameters  involved  in  each  of  the  thirteen  experiments.  There  are 
seven  control  parameters  and  five  measurement  parameters.  The  control  parameters 
establish  the  test  set-up  requirements  and  provide  control  over  the  variables  of 
the  simulation.  As  such  they  configure  the  specific  model  and  condition  being 
simulated.  The  measurement  parameters  established  the  data  which  had  to  be 
monitored.  The  matrix  at  a glance  shows  which  experimental  control  paramccers 
are  fixed  and  which  are  the  variables  of  the  simulation  for  a given  experiment. 

To  facilitate  the  discussion  in  the  sequel  of  this  Section  and  to 
explain  the  nomenclature  in  Table  6.2,  Test  1 from  Table  6.2  will  be  used  as 


an  example.  The  first  column  In  Table  6.2  indicates  the  test  number.  The  test 
stuff  mode  is  denoted  in  column  2.  It  designates  the  pulse  stuffing  multiplexer 
category  being  simulated.  The  mode  is  either  positive  stuffing  (-•-),  negative 
stuffing  (-),  or  positive-zero-negative  stuffing  (+/-)•  Test  1 indicates  a posi- 
tive stuffing  exercise.  Column  3 depicts  the  number  of  jitter  simulator/smoothing 
loop  pairs  used  in  the  experiment.  For  Test  1 only  one  second  level  multiplexer/ 
demultiplexer  simulator  was  employed. 

The  fourth  column  provides  the  input  tributary  data  rate.  For  our 
example.  Test  1,  this  rate  was  1.544  Mbps.  This  was  the  input  to  the  jitter  simu- 
lator. The  data  transport  rate  was  1.5458  Mbps  and  is  tabulated  in  column  5. 

This  was  a simulation  of  the  data  transport  rate  digit  stream  for  one  channel  out 
of  the  multiplexer  and  into  a demultiplexer. 

The  number  of  bits  per  opportunity,  or  stuffing  interval,  for  Test  1 
is  given  in  column  6.  There  were  288  data  bits  which  had  to  be  transmitted  before 
a stuffing  opportunity  was  available. 

Column  7 is  required  to  simulate  the  real  world  phenomenon  that  the 
data  transport  clocks  (TIS  clocks)  in  a tandem  fielded  network  do  not  have  the 
same  phase.  Each  clock  is  generated  by  a separate  oscillator.  To  model  the 
phenomenon,  delay  circuitry  was  implemented  in  each  jitter  simulator.  The  delay 
circuitry  provided  the  capability  of  changing  the  data  transport  rate  phase  in 
16  discrete  steps.  Selection  of  the  phase  was  determined  by  dip  switches  located 
on  the  jitter  simulator  cards.  For  Test  1 the  delay  was  set  to  zero. 

The  bandwidth  designation  in  Column  8 implies  whether  a constant  (C) 
bandwidth  was  being  maintained  during  the  experiment  or  the  bandwidth  was  being 
varied  (VAR).  For  experiment  1 the  bandwidth  was  varied.  The  values  over  which 
the  bandwidth  was  varied  are  listed  in  the  data  sheets  in  Appendix  C. 

Going  from  the  experimentally  controlled  parameters  to  measurement 
parameters,  T1  and  TIS  in  columns  9 and  10,  respectively,  have  the  same  definition 
as  T1  and  TIS  in  columns  4 and  5,  respectively.  The  stuffing  ratio  in  column  11 
had  to  be  measured  in  Test  1 along  with  the  RMS  and  peak-to-peak  jitter.  An  'X' 
designates  a measurement,  or  measurements,  had  to  be  made  for  that  parameter.  For 
this  case  the  bandwidth  was  varied,  and  the  RMS  and  peak-to-peak  jitter  were  tab- 
ulated. 

The  last  column,  column  13,  designates  whether  a Bit  E^rror  Rate  (BER) 
measurement  was  made.  Only  in  Test  13  BER  measurements  had  to  be  made.  In  this 
test  it  was  desired  to  determine  the  effects  of  jitter  on  the  HN-74  E-CDS  Receive 
Unit. 


The  twelve  'jitter*  experiments  tabulated  in  Table  6.2  were 
performed.  The  first  two  were  variable  bandwidth  experiments  employing  Bell 
M12  and  VICOM  Tl-4000  parameters.  By  varying  the  bandwidth  of  the  smoothing 
loop,  the  effect  on  jitter  could  be  ascertained.  Experiments  3 and  4 looked 
at  the  effect  of  changing  the  stuffing  ratio  on  jitter  for  the  Bell  M12  and 
VICOM  Tl-4000.  Test  5 dealt  with  the  Martin-Marietta  AN/GSC-24  parameters  for 
positive-zero-negative  stuffing.  Here,  again,  the  bandwidth  was  varied. 

Experiments  6 and  7 looked  at  jitter  for  two  and  three  nodes  in 
tandem,  respectively,  and  are  an  extension  of  experiment  1.  The  same  can  be 
said  for  tests  8 and  9 which  are  an  extension  of  test  2.  Here  the  output  jitter 
for  two  and  three  multiplexer/ demultiplexer  pairs  in  tandem  were  measured. 

Experiment  10  looked  at  three  jitter  simulator/smoothing  loop  pairs 
in  tandem.  The  phase  of  the  data  transport  clock  was  varied  in  this  experiment. 
The  delays  employed  corresponded  to  1/8,  1/4,  1/2  and  3/4  of  a 2tt  period.  The  RMS 
and  peak-to-peak  jitter  were  measured  to  determine  the  effect  of  clock  delay. 

Test  11  looked  at  jitter  when  the  transport  rate  was  varied  for  the 
Bell  M12  case.  The  last  experiment.  Test  12,  in  the  'jitter'  series  varied  the 
input  offset  rate  ±200  Hz. 

The  final  experiment  (Test  13)  in  the  test  matrix  was  concerned  with 
the  effects  of  jitter  on  the  HN-74  E-CDS  Receive  Unit.  Two  values  of  the  output 
data  transport  rate  were  used  along  with  bandwidth  variation.  The  purpose  of 
this  experiment  was  to  determine  how  jitter  effects  the  bit  sync  circuit  of  the 
E-CDS  Receive  Unit.  It  was  desired  to  measure  the  average  error  rate  occurring 
in  the  data  output  stream  of  the  receive  unit  over  a period  of  time. 

6.3  Test  Setup  and  Configuration 

To  perform  the  experiments  tabulated  in  the  test  matrix,  the  test 
setups  given  in  Figure  6.3-1  and  Figure  6.3-2  were  utilized.  The  instrumenta- 
tion test  configuration  shown  in  Figure  6.3-1  was  employed  to  carry  out  tests 
one  through  twelve  in  the  test  matrix.  The  test  setup  in  Figure  6.3-2  was 
employed  to  carry  out  test  13  in  the  test  matrix.  As  pointed  out  previously, 
this  latter  test  gathered  BER  data  when  the  bit  timing  recovery  circuit  of  the 
E-CDS  Receive  Unit  of  the  HN-74  was  stressed  with  jittered  data. 

As  can  be  seen  from  Figure  6.3-1,  the  test  setup  consisted  of  the 
jitter  simulator  test  fixture,  which  also  contained  the  smoothing  loops,  two 
frequency  synthesizers,  two  oscilloscopes  for  observing  waveforms,  a counter 
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FLUKE  6160B* 


Figure  6.3-1.  Test  Setup  for  Measurement  of  2nd  Level 
Multiplexer/Demultiplexer  Simulator  Output  Phase  Jitter 


Figure  6.3-2.  Test  Setup  for  1st  Level  Multiplexer 
Bit  Error  Rate  Measurement 


which  delivered  one  pulse  per  second  to  the  jitter  simulator,  an  RMS  voltmeter, 
and  a special  phase  detector  test  fixture.  Synthesizer  1 delivered  a 24-25  MHz 
signal  to  the  simulator.  This  signal  was  counted  down  and  employed  as  the  sim- 
ulator clock.  It  also  served  as  the  digit  transport  signal,  TIS,  in  the  simulator. 
Synthesizer  2 supplied  the  input  tributary  clock.  One  pulse  per  second  was  out- 
putted to  the  jitter  simulator  from  the  time  base  output  counter.  This  pulse 
updated  the  actual  stuffs  and  stuff  opportunities  displays  on  the  jitter  simu- 
lator as  shown  in  Figure  6.3-3.  The  dual  trace  scope  in  the  lower  left  area 
of  Figure  6.3-1  displayed  the  jittered  signal  and  the  T1  reference  signal  for 
convenient  comparisons.  The  jittered  waveform  could  be  observed  jittering  with 
respect  to  the  T1  stable  reference  signal. 

The  T1  stable  reference  signal  and  the  jittered  output  signal  were 
fed  into  a phase  detector  test  fixture  designed  specifically  for  this  study. 

The  phase  detector  measured  the  difference  between  the  T1  stable  reference 
signal  (1.544  Mbps)  and  the  smoothed  jittered  clock  out  of  the  testbed.  This 
was  accomplished  by  integration  between  the  positive  edge  of  the  T1  signal  and 
the  positive  edge  of  the  smoothed  jittered  signal.  The  integrated  value  was 
sent  to  a sample  and  hold  circuit.  The  output  of  the  sample  and  hold  circuit 
was  displayed  on  an  oscilloscope  to  provide  a display  of  the  phase  variation  of 
the  jittered  waveform. 

The  dotted  lines  on  the  jitter  simulator  in  Figure  6.3-1  represent 
experiments  for  tandem  measurements.  For  example,  smoothing  loop  output  2 
represents  the  jittered  output  from  the  second  jitter/ smoothing  loop  pair  in 
tandem. 

Figure  6.3-2  represents  the  configuration  for  test  13.  The  output 
of  the  smoothing  loop  is  used  to  supply  a bit  rate  clock  to  the  HP  3760A  Data 
Generator.  The  data  generator  has  the  capability  of  producing  selected  digital 
words  and  pseudorandom  binary  sequences.  The  output  of  the  data  generator  sup- 
plies NRZ  data  for  the  HN-74  E-CDS  Receive  Unit.  The  output  of  the  HN-74  E-CDS 
Receive  Unit  is  then  checked  for  errors  by  the  HP  3761A  Error  Detector.  This 
error  detector  has  been  specifically  designed  for  operation  with  pseudorandom 
sequences  produced  by  the  HP  3760A  Data  Generator.  It  receives  data  and  clock 
from  the  HN-74  E-CDS  Receive  Unit  and  performs  error  detection  using  bit  by  bit 
comparison  with  an  internally  generated  closed  loop  reference  sequence. 

The  BER  measurement  is  computed  from  more  than  100  errors  and  has  a 
range  of  9.9  x 10"^  to  0.1  x 10"^. 
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Figure  6.3-3.  Jitter  Simulator  Front  Panel 
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Evaluation  of  Test  Results 
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The  results  of  the  thirteen  formal  experiments  specified  in  the 
test  plan  and  conducted  during  the  test  and  evaluation  effort  are  described 
in  this  subsection.  Because  of  the  nature  of  the  thirteen  experiments,  their  • 

results  can  best  be  presented  in  eight  distinct  categories.  |i 

• Effect  of  varying  smoothing  loop  bandwidth  while 
using  positive  stuffing 

• Effect  of  varying  bits  per  opportunity  (BPO) 

• Effect  of  varying  smoothing  loop  bandwidth  while 
using  negative  stuffing 

• Effect  of  tandem  configurations 

• Effect  of  varying  data  transport  rate  phase  angle 

• Effect  of  varying  data  transport  rate 

t Effect  of  jitter  on  the  E-CDS  Receive  Unit 

The  evaluation  of  the  experimental  results  are  discussed  in  the  following  eight 
subsections  using  the  above  categories.  The  specific  test  results  are  contained 
in  Appendix  C under  Tables  C-1  through  C-15. 

6.4.1  Effects  on  Jitter  by  Varying  Smoothing  Loop  Bandwidth  for  Bell  M12 

and  VICOM  Tl-4000  Parameters  (Tests  1 and  2T 

The  test  objective  for  experiments  1 and  2 of  the  test  matrix  in 
Table  6.2  was  to  determine  jitter  effects  by  varying  the  bandwidth  cutoff 
frequency  of  the  smoothing  loop.  The  fixed  experiment  control  parameters  are 
given  in  Table  6.2,  and  the  variable  control  parameters  are  provided  in  Appendix 
C,  Table  C-1  for  the  Bell  M12  parameters  and  Table  C-3  for  the  VICOM  Tl-4000 
parameters.  Appendix  C contains  the  data  sheets  for  all  the  tests  in  the  test 
and  evaluation  phase  of  this  study.  Table  C-2  and  Table  C-4  in  Appendix  C con- 
tain the  raw  data  for  the  Bell  M12  parameters  and  VICOM  Tl-4000  parameters, 
respectively.  These  data  consist  of  the  phase  measurements  from  the  special 
phase  detector  test  fixture  described  in  Subsection  6.3. 

Graphs  of  RMS  jitter  and  peak-to-peak  jitter  versus  bandwidth  are 
provided  in  Figures  6.4. 1-1  and  6.4. 1-2,  respectively.  As  can  be  observed,  data 
for  both  the  Bell  M12  and  VICOM  Tl-4000  have  been  plotted.  For  both  cases  it 
can  be  seen  from  the  graphs  that  as  the  bandwidth  decreases  so  does  the  jitter. 

This  was  to  be  expected  as  pointed  out  earlier  in  Section  5 which  discussed 


Bandwidth  (fc),  Hz 


Figure 


.4.1-2.  Peak-Peak  Jitter  Versus  Bandwidth  (f-) 
for  Ben  M12  and  VICOM  Tl-4000  of 
Test  1 and  Test  2,  Respectively,  in  the 
Test  Matrix 
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Phase- I analysis  results.  Narrowband  filters  improve  the  jitter  performance  of 
the  multiplexer/ demultiplexer  devices. 

An  interesting  comparison  can  be  made  between  Figure  5. 1.2-7  and 
Figure  6.4. 1-1.  Figure  5. 1.2-7  was  obtained  with  the  software  simulation 
MUXJIT.  Comparing  the  Bell  M12  curves  in  both  graphs,  it  is  noted  that  at 
100  Hz  bandwidth  the  curves  deviate  by  less  than  three  degrees.  At  1000  Hz 
the  variation  is  less  than  one  degree.  Overall  the  variation  is  less  than 
four  degrees.  Considering  the  transient  problems  incurred  in  obtaining  the  RMS 
values  in  MUXJIT  and  the  resolution  problem  that  occurred  in  the  laboratory  when 
taking  readings  off  the  scope,  the  agreement  is  very  good.  Comparing  the  VICOM 
Tl-4000  curve  in  Figure  6.4. 1-1  with  that  in  Figure  5.2. 1-7,  it  is  noted  that 
the  curves  are  similar.  It  is  seen  that  the  two  curves  do  not  differ  by  more 
than  four  degrees.  As  was  commented  above,  these  results  are  well  within 
experimental  accuracy.  This  implies  that  the  hardware  and  software  simulations 
agree  very  well  with  each  other. 

The  graph  of  peak-to-peak  jitter  in  Figure  6.4. 1-2  is  essentially 
a straight  line  for  the  Bell  M12  curve  on  logarithmic  paper.  There  is  a 6.4  dB 
per  decade  change  in  peak-to-peak  jitter.  The  plot  for  RMS  jitter  versus  band- 
width indicates  that  as  bandwidth  increases  more  pulse  stuffing  jitter  energy 
is  being  passed.  This  becomes  apparent  from  the  monotonic  increase  in  the  slope 
of  the  curve. 

Unlike  the  Bell  M12  curve  in  Figure  6.4. 1-2,  the  VICOM  Tl-4000  curve 
in  the  same  figure  is  not  quite  as  linear.  Furthermore,  the  change  in  peak-to- 
peak  jitter  per  unit  of  smoothing  loop  cutoff  frequency  is  greater  by  approximately 
3.6  dB  per  decade.  At  the  higher  bandwidths,  peak-to-peak  and  RMS  jitter  are 
greater  for  the  VICOM  Tl-4000  case  than  for  the  Bell  M12. 

Overall,  the  hardware  simulation  implied  that  the  design  parameters 
for  the  Bell  M12  result  in  a much  flatter  characteristic  with  less  of  a slope 
than  for  VICOM  Tl-4000. 

6.4.2  Effects  on  Jitter  by  Varying  the  Bits  Per  Opportunity  Between 

Stuffs  for  Bell  M12  and  VICOM  Tl-4000  Parameters  (Tests  3 and  4) 

The  purpose  of  these  tests  were  to  determine  the  effects  on  jitter 
by  changing  the  number  of  data  bits  that  occurred  between  stuffing  opportunities. 

By  varying  this  parameter,  the  stuffing  ratio,  p,  was  controlled.  The  stuffing 
ratio  was  accorded  the  range  from  .1  to  .9.  This  particular  discussion  encompasses 
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Test  3 and  Test  4 in  the  test  matrix  of  Table  6.2.  For  the  Bell  M12  the  test 
data  occur  in  Table  C-5  of  Appendix  C.  The  data  for  the  VICOM  Tl-4000  are 
tabulated  in  Table  C-6. 

The  results  of  this  experiment  are  portrayed  in  Figure  6. 4. 2-1 
through  Figure  6. 4. 2-4.  The  first  two  figures  in  this  series  plot  RMS  jitter 
versus  stuffing  ratio.  The  last  two  figures  consider  peak  to  peak  jitter  versus 
stuffing  ratio. 

There  is  a very  interesting  phenomenon  that  is  apparent  from  the 
graphs.  As  the  stuffing  ratio  is  increased,  the  curves  have  an  underlying 
increasing  secular  trend.  Comparing  Figure  6, 4. 2-1  and  Figure  6. 4. 2-2  with  the 
Duttweiler  curve  in  Figure  5.1. 1-1,  several  comments  can  be  made.  First,  the 
theoretical  graph  in  Figure  5. 1.1-1  is  symmetrical  about  p=0.5.  The  test  curves 
attempt  to  be  symmetrical;  however,  the  underlying  secular  trend  biased  the 
curves  upward.  The  major  peaks  of  Figure  6. 4. 2-1  and  Figure  6. 4. 2-2  occur  at 
the  same  abscissa  points  as  for  the  curve  in  Figure  5. 1.1-1.  Another  point  is 
that  there  is  greater  correlation  between  the  theoretical  curve  and  the  experi- 
mental curve  in  those  areas  where  the  higher  peaks  occur.  The  relative  amplitude 
of  a minor  peak  with  respect  to  the  major  peak  is  not  as  reliable  as  the  peaks 
decrease  in  size.  The  final  comment  is  that  the  left  half  (ps.5)  of  the  experi- 
mental curves  appear  to  correlate  better  with  their  theoretical  curve  counter 
part. 


For  these  experiments  the  stuffing  ratio  was  varied  by  incrementing 
the  BPO  from  86  bps  to  773  bps  for  the  Bell  M12  case  and  from  165  bps  to  1487  bps 
for  the  VICOM  Tl-4000  case.  Recall  from  the  general  discussion  in  Subsection  4.1.1 
and  for  Figure  4. 1.1-3,  in  particular,  that  for  a constant  offset  frequency,  the 
waiting  time  jitter  amplitude  increases  as  the  stuffing  opportunity  rate,  fg=TlS/ 
BPO,  decreases.  For  the  Bell  M12  and  the  VICOM  Tl-4000,  the  constant  offset 
frequencies  are  1800  bps  and  935  bps,  respectively,  and  TIS  is  fixed  in  Table  6.2. 
As  the  bits  per  opportunity  were  increased,  the  magnitude  of  the  waiting  time 
jitter  was  increased.  Therefore,  more  jitter  energy  was  introduced  and,  hence, 
passed  through  the  filter.  This  is  the  reason  for  the  underlying  upward  secular 
trend  for  the  graphs  in  Figures  6. 4. 2-1  through  6. 4. 2-4.  Note  that  this  effect 
is  more  apparent  in  the  peak-tc-peak  graphs  than  the  RMS  graphs  because  of  the 


Figure  6. 4, 2-1.  RMS  Jitter  Versus  Stuffing  Ratio  (p)  for 
the  Bell  M12  for  Test  3 in  the  Test  Matrix 


Figure  6.4. 2-3.  Peak-Peak  Jitter  Versus  Stuffing  Ratio  (p)  for  the 
Bell  f'12  for  Test  3 in  the  Test  Matrix 


Figure  6. 4. 2-4.  Peak-Peak  Jitter  Versus  Stuffing  Ratio  (p)  for  the 
VICOM  Tl-4000  for  Test  4 in  the  Test  Matrix 


Note  that  the  graph  In  Figure  6.4. 2-4  has  narrower  peaks  than  the 
graph  in  Figure  6. 4. 2-3.  This  implies  that  the  curve  has  a power  spectral  density 
which  has  a greater  share  of  its  total  energy  distributed  in  the  higher  frequencies. 
One  reason  for  the  apparent  higher  frequency  content  in  the  VICOM  Tl-4000  curves  was 
due  to  different  measurement  resolution  used  in  obtaining  the  two  curves.  The  Bell 
M12  stuffing  rate  frequency  is  greater  than  for  the  VICOM  Tl-4000,  and  data  were 
collected  by  stepping  the  stuffing  interval  in  constant  10  bit  increments  for  both 
cases.  Because  of  finer  data  resolution  for  the  VICOM  Tl-4000  case  along  the 
\ abscissa,  the  VICOM  Tl-4000  figures  have  more  sample  points,  and,  hence,  the  ap- 

I parent  higher  frequency  content.  One  interesting  sidelight  of  all  this  is  the 

different  jitter  effects  that  will  occur  depending  where  you  are  on  the  curve  and 
what  'rain'  factor  fp=TlS-Tl  represents.  For  the  Bell  Mi?  case  and  a 10  bit  incre- 
I ment,  it  was  possible  to  'step'  over  the  smaller  peaks.  However,  when  at  a large 

t peak,  the  change  in  jitter  magnitude  is  greater  for  the  Bell  M12  and  a 10  bit  step 

j than  for  the  VICOM  Tl-4000. 

As  another  check  on  the  analysis  results,  the  data  in  Figure  5. 1.1-2 
I and  Figure  6. 4. 2-2  for  the  VICOM  Tl-4000  were  compared.  The  results  are  given 

in  Table  6. 4. 2-1  below. 


Table  6. 4. 2-1.  Comparison  of  RMS  Jitter 
for  MUX JIT  Using  an  fc=46.75  Hz  and 
SLMS  Using  an  f(.*48  Hz. 


Stuffing 

Ratio 

RMS  Jitter 
MUXjr 
Degrees 

RMS  Jitter 

SLMS 

Degrees 

.172 

6.25 

6.4 

.350 

11.75 

11.0 

.530 

22.85 

18.9 

.700 

17.75 

17.3 

Also,  the  peak-to-peak  data  in  Figure  5. 1.1-3  and  Figure  6. 4. 2-4  were 
compared.  The  results  of  the  comparison  are  given  in  Table  6. 4. 2-2  below. 

It  is  noted  that  the  RMS  jitter  data  compares  very  well.  The  peak- 
to-peak  jitter  does  not  compare  as  closely;  however,  the  general  trend  is  there. 
Three  reasons  for  this  moderate  deviation  are  the  following: 
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Table  6. 4. 2-2.  Comparison  of 
Peak-Peak  Jitter  for  MUXJIT 
Using  an  fr=46.75  Hz  and 
SLMS  Using  an  fc=48  Hz 


Stuffing 

Ratio 

P-P  Jitter 
MUXJIT 
Degrees 

P-P  Jitter 
SLMS 

Degrees 

.172 

33.5 

42.6 

.350 

55.1 

58.0 

.530 

107.8 

94.6 

.700 

106.4 

92.2 

1.  For  a small  incremental  change  (.01)  in  stuffing  ratio, 
depending  upon  where  you  are  at  on  the  curve,  there  can 
be  a large  change  in  jitter. 

2.  It  was  much  more  difficult  to  read  the  peak-to^peak  voltage  off 
an  oscilloscope  than  from  an  RMS  voltmeter. 

3.  Slightly  different  smoothing  loop  bandwidths  were 
employed. 

In  suinnarization,  it  appears  that  the  data  obtained  from  the  software 
simulation  compared  favorably  with  the  hardware  simulation  data,  and  the  hardware 
simulation  results  confirm  the  theories  layed  out  in  Section  4.0. 

6.4.3  Effects  on  Jitter  by  Varying  Smoothing  Loop  Bandwidth  for 

AN/6SC-24  Parameters  and  a Negative  Stuffing  Mode  (Test  5) 

The  purpose  of  this  experiment  was  to  operate  in  a negative  stuffing 
mode,  determine  the  effects  on  jitter  by  changing  smoothing  loop  bandwidth,  and 
to  compare  jitter  results  with  those  obtained  in  the  analysis.  The  data  for 
experiment  5 in  the  test  matrix  are  tabulated  in  Table  C-7  in  Appendix  C.  Nega- 
tive stuffing  is  denoted  by  the  fact  that  T1S<T1. 

Curves  of  RMS  and  peak-to-peak  jitter  versus  bandwidth  are  given  in 
Figure  6.4. 3-1  and  Figure  6. 4. 3-2,  respectively.  Like  the  Bell  M12  in  Figure 
6.4. 1-2,  the  plot  for  peak-to-peak  jitter  in  Figure  6. 4. 3-2  exhibits  a flatter 
characteristic  for  narrow  bandwidths.  The  slope  is  13.5  dB  per  decade.  This 
is  twice  the  slope  of  the  Bell  M12  case  in  Subsection  6.4.1.  Therefore,  for 
the  AN/GSC-24  and  the  present  parameters  under  discussion,  changing  the  bandwidth 
by  a given  amount  will  produce  a greater  change  in  jitter  for  the  AN/6SC-24  than 
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for  the  Bell  M12.  However,  note  that  the  magnitude  of  the  peak-to-peak  jitter 
for  the  AN/GSC-24  test  case  is  much  less  than  for  the  Bell  M12  to  begin  with. 
Because  of  the  complexity  of  the  AN/6SC-24,  generalizations  such  as  those  made 
above  should  be  applied  with  caution  to  fielded  equipment  in  an  operational 
environment. 

Comparing  Figure  6. 4. 3-1  with  Figure  5. 1.2-8,  which  was  derived  from 
MUXJIT  in  the  analysis  task,  they  compare  quite  well.  This  is  a good  indication 
that  the  hardware  simulator  and  software  simulator  operate  well. 

6.4.4  Effects  on  Jitter  for  Tandem  Configurations  (Tests  6,7,8  and  9) 

Tests  6 through  9 in  the  test  matrix  measured  jitter  for  two  or  more 
simulators  in  tandem.  Data  from  Tests  6 and  7 were  used  in  conjunction  with  that 
from  Test  1 to  obtain  information  on  jitter  for  one,  two,  and  three  tandem  node 
configurations.  As  was  described  previously,  the  output  jitter  was  measured 
for  a single  node  in  Test  1 while  the  bandwidth  was  the  parametric  variant  for 
Bell  M12  parameters.  Test  6 measured  the  jitter  at  the  output  of  the  second 
node  for  the  Bell  M12  parameters.  Test  7 measured  jitter  at  the  third  smoothing 
loop  output  port  of  the  simulator  (see  Figure  6.3. 1-1).  Parametric  curves  of 
RMS  and  peak-to-peak  jitter  versus  number  of  nodes  were  plotted  and  have  been 
provided  in  Figures  6. 4. 4-1  and  6. 4. 4-2  for  the  Bell  M12  for  various  bandwidths. 

The  above  procedure  was  also  employed  utilizing  the  data  from  tests 
8 and  9,  along  with  test  2,  for  the  VICOM  Tl-4000.  Figures  6. 4. 4-3  and  6. 4. 4-4 
are  plots  of  RMS  and  peak-to-peak  jitter  versus  number  of  nodes  for  the  VICOM 
Tl-4000. 

Data  for  all  the  curves  discussed  in  the  preceding  paragraphs  can 
be  found  in  Tables  C-2,  C-4,  C-8,  C-9,  and  C-11  in  Appendix  C. 

Looking  at  Figures  6. 4. 4-1  and  6. 4. 4-3  for  RMS  jitter,  it  is  observed 
that  the  characteristics  are  essentially  flat.  The  variation  is  two  degrees  or 
less  for  all  curves  except  fj.=48  Hz  in  Figure  6. 4. 4-1.  However,  fitting  a least 
squares  straight  line  to  the  data  would  yield  a negligible  negative  slope.  Com- 
paring this  with  the  discussion  in  Subsection  5.1.3  and  observing  Figures  5. 1.3-1 
and  5. 1.3-2,  it  appears  that  the  hardware  results  are  in  line  with  the  analysis 
results. 

Looking  at  Figures  6. 4. 4-2  and  6. 4. 4-4  for  peak-to-peak  jitter,  the 
curves  are  again  essentially  flat.  The  maximum  deviation  from  zero  slope  along 
a curve  is  greater  than  for  its  RMS  counterpart.  The  peak-to-peak  values  were 
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Figure  6. 4. 4-4.  Peak-Peak  Jitter  Versus  Number  of  Nodes 
for  VICOM  Tl-4000  for  Tests  2,  8,  and  9 in  the  Test  Matrix 
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more  difficult  to  measure  and  did  have  a tendency  to  deviate  more  from  the  mean. 
However,  there  is  no  indication  with  the  present  collected  data  that  the  peak-to- 
peak  jitter  is  increasing  with  the  number  of  nodes.  If  there  is  an  increase,  it 
is  within  the  resolution  of  the  instrumentation. 

6.4.5  Effects  on  Jitter  When  Varying  Data  Transport  Rate  Phase  Angle 

(Test  10) 

This  experiment  can  be  segmented  into  two  parts.  Test  10  in  the 
test  matrix  was  exercised  maintaining  all  the  data  transport  oscillator  clocks 
at  a constant  phase  and  randomly  selecting  the  clock  phases. 

6.4. 5.1  Constant  Phase  Angle  for  All  Nodes 

The  data  transport  digit  stream's  phase  angle  was  varied  for  a single 
node  and  for  three  nodes  in  tandem.  The  phase  angle,  which  represented  the  initial 
phase  of  the  data  clock,  was  varied  through  delays  of  45°  (2),  90°  (4),  180°  (8), 
and  270°  (12)  for  all  nodes  in  tandem;  i.e.,  each  node  in  tandem  had  the  same  phase 
delay. 

RMS  and  peak-to-peak  data  were  collected  for  a single  node  and  for 
three  nodes  in  tandem.  The  jitter  was  measured  at  the  output  of  the  last  node 
in  the  tandem  network.  Data  for  this  experiment  can  be  found  in  Table  C-12  of 
Appendix  C.  As  can  be  observed,  there  was  not  much  change  in  RMS,  or  peak-to-oeak. 
jitter  between  delay  steps  and  between  measurements  at  the  output  of  the  first 
node  and  the  last  node.  For  this  test  configuration,  it  v/as  concluded  that  a non- 
zero phase  angle  for  the  data  transport  digit  stream  clocking  oscillator  does  not 
impact  jitter.  In  fact,  the  greatest  change  of  2.3°  occurred  in  the  peak-to-peak 
measurements.  This  value  was  not  large  enough  to  indicate  a trend. 

6. 4. 5. 2 Variable  Phase  Angles  for  Three  Node  Tandem  Configurations 

For  this  segment  of  the  experiment,  three  nodes  in  tandem  were 
employed.  Each  node  had  a different  phase  angle  for  the  data  transport  clock. 

Steps  9 through  11  in  Table  C-12  have  phase  angles  of  45°  (2),  180°  (8),  and 
90°  (4)  for  nodes  1,  2,  and  3,  respectively.  Steps  12  through  14  have  phase 
angles  of  0°  (0),  45°  (2),  and  225°  (10)  for  nodes  1,  2,  and  3,  respectively. 
Finally,  Steps  15  through  17  have  delays  of  225°  (10),  45°  (2),  and  0°  (0)  for 
nodes  1,  2,  and  3,  respectively. 
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From  the  data  in  Table  C-12,  there  appears  to  be  no  drastic  change 
in  jitter.  Hence,  this  is  a strong  indication  that  for  tandem  fielded  configu- 
rations, where  the  phase  angles  are  random,  jitter  will  not  be  impacted. 

6.4.6  Effects  on  Jitter  When  Varying  the  Data  Transport  Digit  Rate  (Test  11) 

In  experiment  11,  the  stuffing  ratio,  p,  was  controlled  by  varying  the 
data  transport  rate  and  keeping  the  tributary  input  channel  rate  constant.  The  i 

numerator  of  p is  equal  to  fp=TlS-Tl,  which  is  the  offset  frequency.  The  denomin- 
ator of  p is  equal  to  fg=TlS/BP0,  which  is  the  stuffing  opportunity  rate.  For 
this  experiment,  f^  changed  by  less  than  .3%  between  p=.l  and  p=.9.  The  stuffing 
ratio  was  essentially  controlled  by  f^^  for  this  experiment. 

There  are  some  similarities  between  this  experiment  and  Duttweiler's 
analysis,  which  generated  the  theoretical  curve  in  Figure  5. 1.1-1.  Duttweiler 
controlled  the  stuffing  ratio  by  varying  Tl,  the  tributary  input  channel;  since 
f^  is  constant,  f^^  is  the  controlling  variable.  ; 

Because  of  these  experimental  setup  similarities,  the  data  from  ; 

Table  C-13  in  the  Appendix  yielded  Figures  6. 4. 6-1  and  6. 4. 6-2,  which  look  similar  , 

j 

to  the  Duttweiler  curve.  Just  as  for  Figures  6. 4. 2-1  through  6.4. 2-4,  the  peaks  ) 

occur  at  the  proper  locations  on  the  abscissa.  However,  unlike  Figures  6. 4. 2-1 
through  6. 4. 2-4,  there  is  no  major  upward  secular  trend.  Also,  the  relative  am- 
plitude differences  between  the  major  peak  and  minor  peaks  in  Figure  6. 4. 6-1 
correlate  better  with  those  in  Figure  5. 1.1-1  than  do  those  in  Figures  6. 4. 2-1  and 
6. 4. 2-2. 

The  reason  for  lack  of  an  upward  secular  trend  for  the  graphs  in  this 
subsection  can  be  seen  from  Figure  4. 1.1-2  and  Figure  4. 1.1-3.  First,  as  men- 
tioned above,  tj=l/fg  was  essentially  constant;  this  factor  does  not  contribute 
i much  to  waiting  time  jitter  unlike  the  case  in  Subsection  6.4.2.  Since  the  slope= 

■ fp  is  being  increased,  it  appears  that  this  would  increase  the  waiting  time  jitter. 

But,  as  f^  increases,  there  is  a tendency  to  fall  within  an  earlier  stuffing  slot 
since  the  threshold  value  for  stuffing  is  achieved  sooner.  The  waiting  time  jit- 
ter period  becomes  shorter  which  implies  higher  fundamental  and  harmonic  frequen-  | 

cies.  The  net  result  is  the  waiting  time  jitter  can  be  filtered  better  by  the 
incumbent  filter.  1 
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Effects  on  Jitter  When  Varying  the  Tributary  Input  Channel  Rate,  T1 
(Test  12) 

The  data  for  this  experiment  are  tabulated  in  Table  C-14.  For  this 
test  the  T1  rate  was  varied  ±200  bps  about  the  nominal  input  rate,  1.544  Mbps,  in 
50  bps  step  increments.  The  RMS  and  peak-to-peak  jitter  were  measured. 

From  previous  discussions,  varying  T1  changes  the  stuffing  ratio. 

In  fact,  this  was  how  the  stuffing  ratio  was  controlled  when  the  theoretical  curve 
in  Figure  5. 1.1-1  was  obtained.  Observing  Figure  5. 1.1-1  in  conjunction  with  the 
data  in  Table  C-14,  some  interesting  conclusions  can  be  reached.  Going  from  a 
stuffing  ratio  p=.336  to  p=.298  (-200  bps),  the  jitter  should  decrease  on  regressing 
from  the  peak.  The  experimental  evidence  verified  this  since  the  RMS  jitter  de- 
creased from  27.4°  to  9.7°.  Next,  going  from  p=.336  to  p=.371  (+200  bps)  in 
Figure  5. 1.1-1,  the  jitter  again  should  decrease.  The  experimental  data  in 
Table  C-14  show  that  the  RMS  jitter  went  from  27.4°  to  7.1°.  Also,  note  that 
Figure  5. 1.1-1  implies  that  p=.371  should  produce  less  jitter  than  p=.298.  Indeed, 
from  the  abi've  discussion,  this  occurred  experimentally. 

6.4.8  Effects  of  Jitter  on  the  HN-74  E-CDS  Receive  Unit  (Test  13) 

Test  13  in  the  test  matrix  was  set  up  to  measure  the  effects  of  jitter 
on  the  HN-74  E-CDS  Receive  Unit  by  varying  bandwidth  for  the  Bell  M12  and  VICOM 
T 1-4000  parameters.  A jittered  clock  from  the  second  level  multiplexer/ demulti- 
plexer testbed  was  used  to  clock  an  HP- 3760/3761  error  rate  measuring  system. 

First,  a smoothed  jittered  clock  from  the  testbed  was  input  to  the  HP-3760  Data 
Generator.  Out  of  the  HP-3760  was  a pseudorandom  binary  sequence  of  32  bits  in 
length  of  NRZ  data.  This  sequence  was  input  to  the  E-CDS  Receive  Unit.  The  out- 
put of  the  E-CDS  Receive  Unit  constitutes  data  plus  clock  and  was  checked  by  the 
HP-3761  Error  Detector.  This  error  detector  has  been  specifically  designed  for 
operation  with  pseudorandom  sequences  produced  by  the  HP-3760  Data  Generator 

For  this  experiment  the  bandwidth  was  varied  for  the  Bell  M12  and 
VICOM  Tl-4000  parameters  to  observe  the  bit  error  rate  and  the  total  error  count. 

The  bit  error  rate  was  the  average  for  a block  of  10®  bits. 

From  the  data  in  Table  C-15,  it  is  observed  that  a bit  slip  was  not 
generated  until  bandwidths  of  1528  Hz  for  the  Bell  M12  and  764  Hz  for  the  VICOM 
Tl-4000  were  attained.  Stepping  back  to  the  previous  bandwidths  of  764  Hz  and 
382  Hz  for  the  Bell  M12  and  VICOM  Tl-4000,  respectively,  and  utilizing  the  data 
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in  Tables  C-2  and  C-4  in  Appendix  C,  it  is  seen  that  a peak-to-peak  jitter  of 
at  least  203°  for  the  Bell  M12  and  215°  for  the  Tl-4000  have  to  be  attained  before 
a bit  slip  occurs. 

It  is  interesting  to  note  that  for  bandwidths  of  1528  Hz  for  the  Bell 
M12  and  764  Hz  for  the  VICOM  Tl-4000,  these  correspond  to  peak-to-peak  jitters  of 
279°  and  293.1°,  respectively.  Furthermore,  at  279°  the  bit  error  rate  is  1.3x10"^ 
and  at  293.1°  the  bit  error  rate  is  7.6x10"^,  which  is  larger.  The  total  error 
counts  are  136  for  Bell  M12  and  7565  for  VICOM  Tl-4000.  These  results  are  to  be 
expected  since  a larger  peak-to-peak  jitter  should  produce  more  errors. 


Examples  of  the  SLMS  Smoothing  Loop  Jittered  Outputs 


In  this  subsection  examples  are  provided  of  the  smoothing  loop  outputs 
of  the  jitter  simulator  shown  in  Figure  6.3-3.  The  output  of  a smoothing  loop  was 
displayed  on  the  oscilloscope  after  being  passed  through  a phase  detector  as  depicted 
in  Figure  6.3-1.  A Polaroid  camera  triggered  off  the  oscilloscope  was  used  to 
obtain  the  figures  in  this  subsection.  These  figures  are  used  to  demonstrate  jitter 
measurement  procedures. 

Before  discussing  the  jittered  phase  outputs,  it  is  worthwhile  to  ob- 
serve the  driving  function.  The  driving  function  is  the  phase  difference  between 
the  tributary  channel  clock  (Tl=1.544  Mbps)  and  the  data  transport  clock  (T1S= 
1.545800  Mbps).  Figure  6.5-1  illustrates  the  driving  function.  This  is  the  same 
function  that  was  modeled  in  the  software  simulation.  The  waveform  in  Figure  6.5-1 
was  obtained  using  the  special  phase  detector  test  fixture  employed  in  this  study 
to  look  at  jittered  waveforms,  measure  peak-to-peak  phase  jitter,  and  determine 
slewing  rate. 

A theoretical  example  of  the  jittered  phase  output  for  a stuffing 
interval  from  a first  order  smoothing  filter  is  provided  in  Figure  5. 1.2-3. 

Note  how  the  loop  changes  character  with  a change  in  bandwidth.  These  types  of 
stuffing  intervals  existed  in  the  MUXJIT  software  simulation.  Figure  6.5-2 
is  a typical  stuffing  interval  taken  from  the  smoothing  loop  output  of  the  hardware 
simulator  after  passing  through  the  phase  detector  test  fixture.  Note  that  an 
apex  represents  a stuffed  pulse.  In  general,  between  apexes  several  stuffing 
opportunities  can  occur  depending  upon  the  stuffing  ratio.  The  analysis  in  Sub- 


Figure  6.5-1,  Input  Driving  Function,  A Phase 
Between  T1  and  TIS. 
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Figure  6.5-2.  Example  of  a Single  Stuffing  Interval 
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bit  count  is  to  employ  the  relationship  occurring  for  the  distance  between  apexes, 
which  is  obtained  from  the  scope  and  time  base  scale  factor,  and  the  average  tri- 
butary data  rate. 

Going  to  Figure  6.5-3,  where  the  parameters  employed  were  a 96  Hz 
bandwidth,  288  bits  per  stuffing  opportunity  period,  11=1.544  Mbps  and  T1S=1.5458 
Mbps,  here  one  can  observe  the  phase  jitter  buildup  and  reset.  The  scales  are 
23.64  degrees/centimeter  for  the  vertical  scale  and  5 milliseconds/centimeter  for 
the  horizontal  scale. 

The  major  slew  rate  occurs  during  the  rapid  reset.  Note  that  during 
rapid  reset,  as  the  curve  rapidly  decreases  in  amplitude,  stuffing  opportunities 
occur  and  pulses  are  stuffed.  It  takes  approximately  5h  stuffing  periods  before 
completion  of  reset.  For  a stuffing  ratio  of  .335,  this  is  approximately  11 
stuffing  opportunity  periods.  There  are  two  stuffing  opportunity  periods  per 
stuffing  period  for  this  example.  The  slew  rate  can  be  empirically  measured  by 
taking  the  amplitude  difference  from  the  apex  of  the  curve  at  the  stuffing 
opportunity  at  the  beginning  of  reset  to  the  end  of  the  reset  action  (peak  at 
bottom  of  rapidly  resetting  portion  of  the  curve)  and  dividing  by  the  elapsed 
time  measured  from  a calibrated  oscilloscope. 

The  v.aveforn  in  Figure  6.5-4  is  the  same  as  that  in  Figure  6.5-3 
except  for  a change  in  vertical  scale  factor  to  47.28  dearees/centi meter.  Later 
in  the  discussion  waveforms  obtained  employing  wideband  filters  are  presented 
with  this  same  vertical  scale  factor.  The  time  base  scale  factor  for  Figures 
6.5-3  and  6.5-4  was  5 milliseconds/centimeter. 

An  example  of  a jittered  waveform  out  of  a wideband  filter  is  pro- 
vided in  Figure  6.5-5.  The  bandwidth  764  Hz  ard  p=.315  were  used.  The  vertical 
scale  is  47.28  degrees/centimeter  and  the  horizontal  scale  is  1 millisecond/ 
centimeter.  Comparing  these  scale  factors  with  the  previous  example,  this  repre- 
sents a much  faster  slewing  condition.  It  is  interesting  to  note  for  this  case 
that  after  reset  takes  place  there  is  a gradual  settlement.  The  most  detrimental 
slew  rate  occurs  during  jitter  buildup  in  a time  period  which  is  approximately  2/3 
the  period  between  pulse  stuffs  and  is  a positive  slew  rate.  The  theoretical 
equations  for  peak-to-peak  jitter,  Ayp_p,  and  the  time  associated  with  rapid 
reset  are  given  in  Subsection  5.1.2.  These  equations  pertain  to  the  wide  band- 
width case  where  the  slew  rate  is  a problem  for  the  subsequent  bit  synchronizer 
in  the  tandem  network.  The  assumptions  behind  the  equations  are  not  valid  for  the 
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Figure  6.5-3.  Jittered  Waveform  with  Rapid  Reset  for  Bell  M12 
Parameters,  fc=96  Hz,  Amplitude  Scale  of  23.64  Degrees/ 
Centimeter,  and  Time  Scale  of  5 Milliseconds/Centimeter 


Figure  6.5-4.  Jittered  Waveform  for  Bell  M12  Parameters, 
fc“96  Hz,  Amplitude  Scale  of  47.28  Degrees/Centimeter, 
and  Time  Scale  of  5 Milliseconds/Centimeter 
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narrowband  case  represented  by  Figure  6.5-3.  These  equations  are  useful  for 
theoretically  calculating  the  slew  rate  (Ayp_p/At)  as  for  the  case  In  Figure  6.5-5. 

Figure  6.5-6  Is  the  same  example  as  In  Figure  6.5-5  with  the  time  base 
scale  factor  five  times  as  large.  This  contracted  scale  provides  a better  view  of 
waiting  time  jitter. 

Figures  6.5-7  and  6.5-8  are  examples  of  very  rapid  slew  rates.  Figure 
6.5-7  represents  VICOM  Tl-4000  parameters  and  a smoothing  loop  bandwidth  of  382  Hz. 
Figure  6.5-8  has  the  same  conditions  only  for  fj.“764  Hz.  These  waveforms  are 
examples  of  gradual  jitter  buildup  and  rapid  reset.  During  rapid  reset,  the 
slewing  rate  becomes  detrimental  for  f »764  Hz  and  causes  bit  slips  in  the  E-COS 

V 

Receive  Unit.  The  scales  are  47.28  degrees/centimeter  and  1 millisecond/ centimeter. 
Employing  these  scale  factors  and  measuring  Ayp_p  and  At  from  the  figures,  the 
slew  rate  is  .1029  degrees/data  unit  length  for  fg“382  Hz  and  .1586  degrees/data 
unit  length  for  f *764  Hz.  A conversion  factor  of  1544000  data  unit  lengths/ 
second  was  employed  to  arrive  at  these  numbers. 
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Figure  6.5-5.  Jittered  Waveform  with  Gradual  Reset 
•*  for  p=.315,  fc=764  Hz,  Amplitude  Scale  of  47.28  Degrees/ 

Centimeter  and  Time  Scale  of  1 Millisecond/Centimeter 

i 


Figure  6.5-7.  Jittered  Waveform  with  Rapid  Reset  for 
VICOM  Tl-4000  Parameters,  fc=382  Hz,  Amplitude  Scale 
of  47.28  Degrees/Centimeter  and  Time  Scale  of 
1 Millisecond/Centimeter 


Figure  6.5-8.  Jittered  Waveform  with  Rapid  Reset  for  VICOM  Tl-4000 
Parameters,  fc=764  Hz,  Amplitude  Scale  of  47.28  Degrees/ 
Centimeter  and  Time  Scale  of  1 Millisecond/Centimeter 
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CONCLUSIONS  AND  RECOMMENDATIONS 


This  report  has  covered  the  results  of  all  four  study  tasks:  1) 
jitter  analysis,  2)  specification  development,  3)  breadboard  testbed  develop- 
ment and  4)  breadboard  test  and  evaluation.  The  main  thrust  of  this  report 
was  toward  providing  a record  of  the  analysis  investigation,  the  outcome  of 
the  jitter  specification  development  and  the  results  of  in-plant  testing  and 
evaluation  of  the  breadboard.  The  breadboard  testbed  development  was  covered 
in  the  Design  Plan  for  a Pulse  Stuffing  TDM  Network  Simulator,  a companion 
document.  The  interrelationship  between  the  testbed  design  and  the  other 
study  tasks  is  covered  in  this  report. 

Basically  nine  distinct  conclusions  emerged  from  this  effort. 

1)  The  literature  survey  (Ref.  2)  showed  that  the  impact 
of  cascading  N nodes  on  the  RMS  output  jitter  is  no 
greater  than  /N/6  and  that  the  rate  of  jitter  accumu- 
lation was  no  faster  than  The  analysis,  employing 
the  MUXJIT  software  simulation,  showed  that  due  to  the 
controls  built  into  . ie  pulse  stuffing  multiplexer 
mechanism  the  jitter  actually  does  not  appear  to  pro- 
gressively increase  with  the  number  of  nodes,  at  least 
for  the  cases  verified.  This  analysis  included  reasonably 
large  filter  bandwidths.  These  analytical  results  are 
documented  in  Subsection  5.1.3,  Effects  of  Cascading 
Second  Level  Multiplexers.  In  particular.  Figure  5. 1.3-1 
and  Figure  5. 1.3-2  are  the  software  simulation  results  for 
the  VICOM  Tl-4000  and  Bell  M12,  respectively,  which  were 
the  cases  examined  in  the  analysis.  It  is  observed  that 
when  the  startup,  or  transient,  effect  of  the  computer 
program  runs  were  eliminated  there  was  no  actumulation  of 
jitter. 

During  the  test  and  evaluation  phase  of  this  study, 
experiments  were  performed  on  the  jitter  simulator 
hardware  testbed.  The  results  of  these  experiments 
are  provided  in  Subsection  6.4.4,  Effects  on  Jitter  for 
Tandem  Configurations  (Tests  6,  7,  8 and  9).  Observing 
Figure  6. 4. 4-1  and  Figure  6. 4. 4-3  for  the  Bell  M12  and 
VICOM  TI-4000,  respectively,  there  was  no  indication 
of  an  increase  in  jitter  when  cascading  nodes. 

All  the  experiments  discussed  in  the  above  paragraphs 
held  all  parameters  constant  except  for  number  of  nodes. 

2)  When  running  cascaded  node  experiments,  it  is  necessary  to 
either  provide  tight  controls  on  other  variables  which  can 
influence  the  results  or  invoke  statistical  testing  tech- 
niques to  avoid  systematic  errors.  Variations  in  other 
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factors  such  as  data  transport  rates,  bits  per  oppor- 
tunity, tributary  input  channel  rates,  etc.,  which 
can  influence  the  amount  of  jitter,  must  be  either 
controlled  or  neutralized  statistically  so  that  the 
impact  of  cascading  nodes  is  not  masked  by  these 
variables.  As  mentioned  above  all  the  experiments 
in  this  study  concerned  with  jitter  accumulation  held 
all  parameters  constant  except  for  number  of  nodes. 

To  obtain  a feel  for  the  complications  that  can  occur 
when  a parameter  is  not  held  constant  from  node  to 
node,  the  reader  is  referred  to  the  results  in  Sub- 
sections 4.1.1,  6.4.1,  6.4.2,  6.4.6,  and  6.4.7.  It 
is  noted  that  a variation  in  bandwidth  or  a stuffing 
ratio  component  will  cause  a change  in  peak-to-peak 
and  RMS  jitter.  From  the  figures  in  those  subsections, 
it  is  seen  that  the  functional  relationship  between 
jitter  and  the  independent  variable  is  complicated. 
Therefore,  it  is  difficult  to  extract  the  accumulated 
jitter  effects  if  the  variable(s)  is  not  held  constant 
for  a multi node  experiment. 

3)  From  this  study  it  was  concluded  that  peak-to-peak  phase 
jitter  is  more  important  than  RMS  phase  jitter  in 
determining  when  a bit  slip  in  a first  level  multiplexer 
will  occur.  Although  an  RMS  value  is  indicative  of  the 
jitter  phenomenon,  it  is  peak-to-peak  value  that  prompts 
the  device  to  fail.  The  definition  of  peak-to-peak  value 
had  to  be  clarified  during  this  study.  Explicit  examples 
of  peak-to-peak  values  are  given  in  Subsection  6.5.  In 
particular.  Figure  6.5-3  is  a good  example  where  the 
jittered  waveform  has  a gradual  buildup  to  a maximum  peak 
value  and  rapid  reset  to  a minimum  peak  value.  Figure 
6.5-8  is  an  example  of  a peak-to-peak  value  which  caused 
a bit  slip  in  the  HN-74  E-CDS  Receive  Unit.  The  reader 
is  referred  to  Subsection  6.4.8,  Effects  of  Jitter  on  the 
HN-74  E-CDS  Receive  Unit,  where  the  experiment  is  fully 
discussed. 

4)  Positive  (or  negative)  stuffing  methods,  which  provide 
the  freedom  of  selecting  a data  transport  rate,  permit 
selection  of  a stuffing  ratio  range  so  that  stuffing 
jitter  can  be  held  to  an  average  minimum  across  the  range. 
This  is  obvious  from  Figure  6. 4. 6-1.  The  tendency  would 
be  to  avoid  the  peaks  and  to  operate  in  the  valleys.  The 
significance  of  doing  this  is  that  jitter  filtering  can 

be  accomplished  with  less  stringent  filtering  requirements 
by  avoiding  those  regions  of  low  frequency  and  large  phase 
jitter.  On  the  other  hand,  positive-zero-negative  stuffing 
is  affected  since  it  is  required  to  operate  across  the  zero 
Hz  region.  This  is  the  p=0  region  in  Figure  6. 4. 6-1.  Here 
the  RMS  (or  peak-to-peak)  value  of  jitter  becomes  very  large 
and,  in  addition,  filtering  design  technology  is  taxed. 
Positive-negative  stuffing  was  recotnnended  by  the  CCITT 


Special  Study  Group  D (Ref.  4)  to  overcome  this  problem. 

The  concept  of  positive-negative  stuffing  is  defined  in 
Subsection  3.1,  Categories  of  Pulse  Stuffing  Multiplexers. 

The  objective  of  this  technique  is  to  introduce  higher 
frequency  jitter  components  which  can  be  filtered  out 
with  an  economical  filter  design. 

5)  Selection  of  lower  stuffing  ratios  does  generate  an  overall 
lower  waiting  time  jitter.  This  can  be  seen  from  Figure 

4. 1.1-3  and  the  equations  on  the  subsequent  page  for  waiting 
time  jitter  magnitude.  The  waiting  time  jitter  magnitude  is 
equal  to  p bits.  It  is  assumed  here  that  p is  being  control- 
led by  its  numerator,  the  stuffing  rate,  f . The  tradeoff 
to  go  to  a lower  stuffing  ratio  is  influenced  by  the  smoothing 
loop  complexity  required  to  remove  the  low  frequency  pulse 
stuffing  jitter  components  which  are  the  major  contributors 
to  jitter  for  low  stuffing  ratios. 

6)  For  a fixed  smoothing  loop  bandwidth,  there  are  distinct 
differences  in  the  amount  of  jitter  that  can  arise  depending 
upon  how  the  stuffing  ratio  is  controlled.  For  a particular 
value  of  stuffing  ratio,  a different  peak-to-peak  or  RMS 
value  of  jitter  can  occur  if  the  stuffing  ratio  is  controlled 
by  a different  parameter.  For  example,  if  the  data  transport 
rate  is  used  to  obtain  a particular  stuffing  ratio,  the  jitter 
will,  in  general,  not  be  the  same  as  obtaining  the  same  stuf- 
fing ratio  by  varying  the  bits  per  opportunity  in  the  control 
channel.  These  points  can  be  illustrated  by  comparing 
Figure  6. 4. 2-1  (varying  stuffing  ratio  by  manipulating  BPO) 
with  Figure  6. 4. 2-1  (varying  stuffing  ratio  by  manipulating 
the  data  transport  rate)  on  a point  by  point  basis.  The  band- 
width was  fixed  at  fj.=96  Hz  for  both  graphs. 

7)  Tradeoffs  between  first  order  and  second  order  smoothing  loops 
are  swayed  by  economics  towards  a first  order  loop.  As  dis- 
cussed in  Subsection  4.1.5  and  illustrated  in  Figure  4. 1.5-1, 
the  second  order  loop  provides  no  additional  filtering  and, 

in  fact,  has  the  added  complication  of  enhancing  jitter  over 
a certain  band  of  frequencies  (note  the  case  forf=0.3  in  the 
graph).  However,  a narrow  bandwidth  first  order  loop  requires 
a larger  phase  error  to  generate  a frequency  deviation  in  the 
VCO  (Ref.  11).  To  accommodate  the  larger  phase  errors,  it  is 
necessary  to  use  an  extended  phase  detector.  Practical  limits 
in  resolving  phase  errors  accurately  in  extended  phase  detec- 
tors determine  the  narrow  bandwidth  limits  on  a first  order 
loop.  On  the  other  hand,  there  are  practical  limitations  in 
acquiring  a signal  with  an  extremely  narrow  bandwidth. 

8)  Because  of  tracking  requirements  second  order  phase  locked 
loops  are  employed  for  bit  synchronizer  applications.  Band- 
width requirements  for  bit  synchronizers  are  selected  in  a 
tradeoff  between  narrow  bandwidths  stemming  from  noise  and  large 
bandwidth  arising  from  tracking  considerations  for  jittered 
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Inputs  (Ref.  1,  3,  15).  This  trade-off  can  be  done  on 
a basis  of  signal -to-noise  impact  on  signal  acquisition. 
In  Section  5.2,  Input  Jitter  Characteristics  of  First 
Level  Multiplexers,  experiments  were  discussed,  where 
VICOM  parameters  were  used,  which  studied  the  effect  of 
second  order  bit  synchronizer  bandwidths  on  pulse  stuf- 
fing jitter.  It  can  be  seen  from  Figure  5.2-3  that 
increasing  the  bit  synchronizer  bandwidth  produces  a 
reduction  in  peak  error.  The  definition  of  peak  error 
is  the  peak  error  at  the  phase  detector  output  in  the 
phased  locked  loop  and  corresponds  to  0^  in  Figure  4.1.3. 

The  model  in  Section  4.1.3  would  have  to  be  extended  to 
study  the  effects  of  noise  on  peak  error.  This  model 
could  be  incorporated  in  MUXJIT.  Then  the  appropriate 
tradeoffs  between  narrow  bandwidth  requirements  stemming 
from  noise  bandwidth  limitations  and  large  bandwidth 
requirements  arising  from  tracking  considerations  could 
be  evaluated. 

The  HN-74  bit  synchronizer  in  Figure  3.4-1  is  stable 
over  a wide  range  of  demultiplexer  smoothing  loop  band- 
widths  with  respect  to  being  susceptible  to  a bit  slip. 
From  the  data  tabulated  in  Table  C-15  and  discussed  in 
6.4.8,  the  jitter  must  be  well  over  50%  of  the  data  unit 
interval  with  a slew  rate  in  excess  of  .1  degrees/data 
unit  interval.  A discussion  of  the  definition  of  slew 
rate  is  provided  in  Section  6.5.  An  example  of  calcu- 
lating the  slew  rate  is  given  at  the  end  of  Section  6.5. 
This  is  for  the  VICOM  Tl-4000  case.  Employing  an  oscil- 
loscope trace  captured  on  Polaroid  film,  the  Bell  M12 
case  was  calculated  in  a similar  manner.  For  both  cases 
the  slew  rate  was  in  excess  of  .1  degrees/data  unit 
interval  before  a bit  slip  occurred. 


The  recommendations  that  have  emerged  at  this  time  call  for  an  extension 
of  the  analytical  and  testbed  investigation  in  five  given  areas.  Such  recom- 
mendations are  considered  necessary  in  view  of  the  additional  questions  that  have 
surfaced  during  this  study.  It  is  felt  that  the  study  effort  could  be  easily 
extended  through  these  five  areas  in  light  of  the  analytical  and  hardware  tools 
developed  and  information  already  generated.  These  suggested  tasks  are  recom- 
mended as  natural  extensions  of  this  study  since  they  would  complement  the 
present  stu4y  with  increased  depth. 


1)  Extension  of  analytical  Investigation  by  modifying  MUXJIT 
to  include  the  positive-negative  stuffing  approach  recom- 
mended by  the  CCITT  Special  Study  Group  D.  This  stuffing 
approach  according  to  the  recommendation  provides  stuffing 
frequency  offsets  which  can  be  more  easily  removed  by  the 
smoothing  loop.  This  would  avoid  the  low  frequency  stuffing 
jitter  problems  of  the  now  more  conventional  positive-zero- 
negative  approach.  This  effort  should  be  enhanced  by  also 
including  a paper  analysis. 

2)  As  an  extension  to  the  analysis  task  for  establishing  phase 

jitter  tolerance  limits  for  a first  level  multiplexer  it  ^ 

will  be  necessary  to  exercise  MUXJIT  using  a second  order 

smoothing  loop  employing  the  tolerance  acceptability  criteria 

established  as  a result  of  the  investigation  using  the 

second  level  multiplexer  testbed  and  the  HN-74  E-CDS 

receive  circuitry.  The  breadboard  testbed  Test  and 

Evaluation  Phase  should  provide  the  insight  to  formulate  | 

an  investigation  and  establishment  of  criteria  for  phase 
jitter  tolerance  as  well  as  evolving  a more  sophisticated  i r 

understanding  of  design  requirements  for  a bit  synchroni-  ; 

zer  in  a first  level  multiplexer. 

?j 

3)  The  waiting-time  Jitter  smoothing  loop  criteria  developed  il 

should  be  Investigated  for  a more  complete  understanding  ? 

of  its  relationship  to  stuffing  ratios  which  yield  short 

sequence  periods.  The  heuristic  approach  undertaken  was  i ^ 

primarily  intended  to  capitalize  on  the  results  of  MUXJIT.  j 

It  is  felt  that  a more  detailed  study  should  be  undertaken 
to  solidify  the  interpretation  of  these  results.  i 


4)  An  extension  of  the  hardware  testbed  data  collection  ? 

and  analysis  of  Jitter  by  varying  the  stuffing  ratio  ^ 

for  various  bandwidths  would  elicit  insight  to  the  ? 

characteristics  of  jitter  with  respect  to  a particular  J 

stuffing  ratio  parameter  variation  and  bandwidth,  < 

Curves  were  derived  for  a single  bandwidth  while  con-  j 

trolling  the  stuffing  ratio.  This  task  would  expand 

that  analysis  by  obtaining  additional  curves.  There-  f 

fore,  a more  complete  characterization  of  Jitter  could  ][ 

be  attained. 

5)  Another  test  and  evaluation  effort  which  would  accrue  i 

benefits  would  be  to  generate  curves  of  slewing  ^ate 

as  a function  of  bandwidth  and  stuffing  ratio.  The 
slewing  rate  could  be  measured  by  the  techniques  de- 

scribed  in  Subsection  6.5.  This  would  provide  a more  h 

complete  characterization  of  slewing  rate  with  respect  j 

to  bandwidth  and  stuffing  parameters, 

if 
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As  part  of  a long  term  enhancement  to  the  results  of  the  present  study. 
It  Is  suggested  that  the  following  areas  would  yield  fruitful  results: 

1)  Development  of  a second  order  smoothing  loop  to  In- 
vestigate the  practical  limitations  of  narrow  band- 
width loops  In  light  of  the  VCO  frequency  offset 
requirement  Invoked  by  tributary  Input  channel  tol- 
erances. Conduct  a testing  program  to  verify  ana- 
lytical results  derived  while  establishing  second 
order  loop  design  requirements. 

2)  Expand  HUXJIT  to  Include  an  analysis  of  the  pulse  slicing 
techniques  used  by  digital  smoothing  loops  and,  hence, 
provide  Insight  Into  this  phenomena. 

3)  Modify  MUXJIT  to  Include  the  capability  to  simulate  the 
non- Isochronous  stuffing  Intervals  generated  by  schemes 
such  as  a reversed  binary  count  sequence  for  establishing 
port  stuffing  opportunities.  This  would  permit  more 
accurate  simulation  of  the  AN/GSC-24.  Also,  modeling 

of  coarse  rate  correction  schemes  should  be  considered. 

4)  Expand  the  design  and  test  effort  to  provide  a definition 
and  specification  for  development  of  a Jitter  Measurement 
Test  Set  which  will  be  used  as  a criteria  for  testing  pro- 
totype and  fielded  Pulse  Stuffing  Second  Level  Multiplexers. 

From  efforts  to  date  It  Is  apparent  that  specifically  de- 
fined equipment  and  test  procedures  would  greatly  enhance 
the  specification  capability  and  diminish  the  measurement 
problems. 


5)  Develop  a bit  synchronizer  simulator  circuit,  with 
a second  order  tracking  loop,  which  can  be  Imple- 
mented Into  the  testbed.  This  would  allow  Investi- 
gation of  jitter  effects  on  bit  synchronizers  In 
terms  of  tracking  loop  filter  design  parameters. 

Phase  error  could  be  measured  for  various  Jitter 
Inputs  and  tracking  loop  parameters.  This  would 
provide  more  empirical  data  on  the  Interaction 
between  second  level  multiplexers  and  bit  sync  cir- 
cuits. 

The  latter  recommendations  are  considered  longer  term  than  the  Initial 
five  recommendations,  which  are  of  Immediate  consideration. 
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INTRODUCTION 


r 


From  the  Analysis  Task  of  this  study,  specifications  have 
been  identified  which  are  candidates  for  specifying  jitter  in 
pulse  stuffing  TDM  networks.  It  is  assumed  that  first  and  second 
level  multiplexer/demultiplexer  units  can  be  considered  somewhere 
between  a Type  B1  prime  item  procurement  and  Type  B2  critical 
item  procurement,  possibly  leaning  toward  the  prime  item  category 
as  defined  in  MIL-STD-490,  Military  Standard  Specification 
Practices . In  a specification  for  a multiplexer/demultiplexer, 
these  specifications  would  be  incorporated  in  paragraph  3.2 
Characteristics  and  paragraph  4.2  Quality  Conformance  Inspections. 
Paragraph  3.2  is  part  of  3.0  Requirements , and  paragraph  4.2  occurs 
under  4.0  Quality  Assurance.  To  delineate  it  further  in  accor- 
dance with  MIL-STD-490,  these  specifications  would  appear  in 
subparagraph  3.2.1  Performance . Presently,  many  of  the  multi- 
plexer/demultiplexer specifications  do  not  delineate  it  to  this 
degree  and  place  comparable  specifications  of  this  type  in  a 
convenient  subparagraph  of  paragraph  3.2,  which  is  then  entitled 
Performance  Characteristics. 

A systems  approach  has  been  utilized  to  define  the  jitter 


specification  candidates  in  this  report.  Since  the  specifica- 
tions are  to  be  independent  of  a particular  system,  a thorough 
literature  search  and  extensive  computer  simulation  runs  were 
performed  to  determine  similar  characteristics  of  multiplexers/ 
demultiplexers  which  could  be  incorporated  in  a specification. 
Furthermore,  the  issue  involved  is  a digital  interfacing  problem. 
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Therefore,  the  intrinsic  characteristics  of  the  inputs  and  out- 
puts must  be  utilized  in  a performance  specification.  Con- 
sidering the  inputs  and  outputs  of  a system  as  a set  of  time 
functions,  the  restrictions  and  measures  must  apply  to  the  domains 
and  ranges  of  these  functions.  This  aids  in  divorcing  the 
specifications  from  a particular  design,  which  is  important  in 
systems  that  contain  first  level  and  second  level  multiplexer/ 
demultiplexer  nodes  developed  independently  of  each  other. 

In  choosing  a set  of  candidate  specifications,  the  first 
level  demultiplexer  was  considered  first.  It  was  considered 
first  since  its  inputs  limit  the  variation  in  range  of  the  second 
level  demultiplexer  output.  The  output  of  the  first  level  de- 
multiplexer is  not  considered.  The  analysis  of  voice  distortion 
was  beyond  the  scope  of  this  study.  Through  the  efforts  of  this 
study,  the  limitations  on  the  outputs  of  the  second  level  demulti- 
plexer have  been  identified  as  the  following: 

A.  The  maximum  peak  to  peak  jitter  that  should  occur  at 
the  output  of  the  device. 

B.  Tandeming  specification  for  jitter  at  the  output  of 
the  n^^  node  of  second  level  multiplexer/demulti- 
plexer pairs  in  tandem. 

C.  Maximum  slew  rate  that  should  occur  at  the  output  of 
the  device. 
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D.  The  input  static  frequency  range  < f < f, 

X O M 

about  the  nominal  frequency,  f^,  that  the  device 
can  tolerate. 


Since  the  input  to  a second  level  multiplexer  has  the 
possibility  of  being  an  output  of  a second  level  demultiplexer, 
and  the  entities  being  measured  must  be  compatible  for  speci- 
fication purposes,  items  A thru  D can  be  used  to  specify  the 
digital  input  to  the  second  level  multiplexer. 

In  Section  2.0  of  this  Appendix,  each  jitter  speci- 
fication is  described  in  more  detail.  Methods  for  measuring 
the  characteristics  are  also  described. 

2.0  DISCUSSION  OF  JITTER  SPECIFICATIONS 


2.1  Maximum  Output  Jitter  Specification 

Specification: 

The  peak  to  peak  jitter  on  the  output  data  and  timing 
signals  shall  not  exceed  33  percent  of  the  nominal  data  unit 
interval. 

Discussion: 

The  above  specification  is  similar  to  the  output 
jitter  specification  that  appears  in  many  of  the  device  specifi- 
cations. As  has  been  pointed  out  in  this  report,  peak  to  peak 
is  more  meaningful  than  RMS.  At  times  it  might  be  easier  to 
measure  the  RMS  value  and  then  calculate  the  peak  to  peak  value 


assuming  that  peak  to  peak  values  are  well  behaved  and  can  be 
related  to  RMS  values.  The  purpose  of  this  specification  is  to 
introduce  which  "jitter"  is  to  be  measured.  The  reader  is 
referred  back  to  Subsection  6.5  for  examples  of  peak-to-peak 
phase  jitter.  By  peak-to-peak  phase  jitter  is  meant  the  change 
in  amplitude  between  the  peak  that  occurs  at  a stuffing  oppor- 
tunity reset  and  the  minimum  peak  that  occurs  after  rapid  reset 
as  in  Figure  6.5-3  or  gradual  reset  as  in  Figure  6.5-5.  A 
discussion  as  to  the  number  of  bits  that  occurs  between  peak- 
to-peak  points  for  rapid  buildup  or  rapid  reset  was  provided  in 
Subsection  5.1.1  and  explained  further  in  Subsection  6.5.  The 
argument  depended  upon  whether  m or  m+1  stuffing  opportunity 
periods  occurred  within  a stuffing  period.  The  question  can  be 
resolved  with  the  argument  and  examples  given  in  Subsection  5.1.1. 
In  the  quality  assurance  paragraphs  of  the  specification,  measur- 
ments  are  left  to  the  discretion  of  the  manufacturers.  A tech- 
nique is  given  below  for  measuring  jitter.  This  technique  must 
also  be  employed  in  a specification  for  tandeming  of  second  level 
multiplexer/ demultiplexer  pairs. 

2.1.1  Measurement  for  a Maximum  Output  Jitter  Specification 

Measurement: 

Take  the  jittered  clock  from  the  demultiplexer  smoothing 
loop  output  and  compare  it  with  a nominal  stable  reference  source 
frequency  input  into  the  network.  This  comparison  should  be 
done  in  a phase  detector.  The  phase  detector  should  make  this 
measurement  by  integrating  between  the  positive  edge  of  the  stable 
reference  signal  and  the  positive  edge  of  the  smoothed  jittered 
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signal  from  the  demultiplexer.  The  integrated  value  is  sent  to 
a sample  and  hold  circuit.  The  output  of  the  sample  and  hold 
circuit  is  displayed  on  a calibrated  oscilloscope  to  provide  a 
display  of  the  phase  variation  of  the  jittered  waveform.  The 
peak-to-peak  value  can  be  obtained  by  observing  the  waveform 
with  a Polaroid  snapshot  or  directly  from  the  scope.  The  peak- 
to-peak  value  is  defined  as  the  difference  between  the  maximum 
and  minimum  amplitude  excursions  that  occur. 

Discussion: 

A special  phase  detector  test  fixture  was  developed  for 
this  program  and  implemented  into  the  test  configuration  as  pictured 
in  Figure  6. 3. 1-1.  Examples  of  smoothed  jitter  outputs  as  measured 
by  the  test  fixture  are  given  by  Figures  6.5-2  through  6.5-8  in 
Subsection  6.5.  Peak-to-peak  values  can  be  measured  off  the  scope 
as  discussed  in  Subsection  2.1  of  this  Appendix.  Furthermore,  to 
obtain  RMS  values  for  the  test  and  evaluation  phase  of  this  study 
an  RMS  meter  was  attached  to  the  output  of  the  phase  detector 
test  fixture. 

There  are  other  measurement  techniques  such  as  using 
a dual  trace  scope  with  an  input  calibration  signal  and  a jittered 
waveform.  This  method  is  frequently  used.  However,  it  is 
difficult  to  read  the  RMS  and  peak-to-peak  value  off  the  face  of 
the  scope.  The  method  described  above  provides  peak-to-peak  and 
RMS  values. 


•] 
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Second  Level  Multiplexer/Demultiplexer  Tandeming 
Specification 

Specification: 

With  a stable  input  data  rate,  within  the  tolerance 
range  specified  herein  this  device  specification,  as  an  input  to 
the  first  multiplexer/demultiplexer  pair  (node),  the  peak- to-peak  | 

jitter  output  of  the  n node  shall  not  exceed  that  which  is  ] 

specified  in  the  Combined  Effects  of  Jitter  Specification  as  input  i 

to  the  (n  + 1)^^  node. 


Discussion: 

During  the  analysis  phase  of  this  study,  it  was 
noted  from  the  simulations  that  the  peak- to- peak  jitter  versus 
number  of  nodes  had  a small  positive  slope.  This  is  due  to 
initialization  and  transient  effects  in  the  simulation.  Jitter 
accumulation  appears  to  be  negligible.  However,  if  an  upper 
bound  is  desired,  the  following  addition  can  be  made  to  the 
specification: 

"Furthermore,  the  jitter  between  the  n^^  and 
(n  + 1)  node  shall  accumulate  at  a rate  not 
to  exceed  the  tandem  factor,  G.^,  which  is  the 
rate  or  change  of  jitter  between  two  nodes  in 
tandem.  shall  have  units  of  peak- to- peak 
jitter/data  unit  interval.  The  relationship  be- 
tween the  number  of  allowable  nodes  in  the  net- 
work, Gy,  and  the  maximum  allowable  jitter, 
input  to  a node  is  found  in  the  Combined  Effects 
of  Jitter  specification  and  is  GyN  < '^max*'* 


1 

1 

i 

Therefore,  an  upper  bound  on  the  slope  would  be  an  appropriate  ! 

specification.  This  would  prevent  the  jitter  from  possibly 
exceeding  one  of  the  standard  specifications  tabulated  in 
Subsection  2.4. 

Although  not  referred  to  in  the  tandem  specification, 
specifications  for  bit  count  integrity,  slewing  specification, 
phasing,  ringing,  etc.,  must  still  be  maintained.  It  is  tacit  i 

that  these  specifications  not  be  violated  for  either  the  multi- 
plexer or  demultiplexer  in  a node  and  for  each  node  in  the  network. 


2.2.1  Measurement  of  the  Tandeming  Specification 

The  Peak  to  Peak  jitter  should  be  measured  at  each  node. 
A straight  line  is  fitted  to  the  data  and  the  slope,  G^,  is 
obtained.  This  value  should  be  normalized  to  the  expected  data 
unit  length. 


2. 3 Maximum  Slew  Rate  Specification 

Specification: 

Each  output  port  (single  or  strapped)  shall  contain 
provisions  to  smooth  the  effect  of  destuff  actions.  The  maximum 
variation  in  phase  difference  between  the  output  port  data  and 
timing  signals  and  a stable  phase  reference  signal  at  the  multi- 
plexer port  timing  input  shall  not  exceed  a change  in  peak -to -peak 
phase  jitter  of  ^Yp-p  Jadians  over  a time  period,  At  seconds,  or 
less.  Bit- to-bit  phase  variation  shall  not  exceed  the  jitter 
requirements  of  the  Output  Jitter  Specification. 
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Discussion: 


The  rationale  for  this  specification  is  contained  in 
Subsections  5.1.1,  5.1.2,  and  6.5  of  this  report.  The  maximum 
phase  rate  of  change,  and  the  time  at  which  there  would  be  the 
greatest  likelihood  of  a loss  of  sync,  occurs  in  the  vicinity  of 
rapid  phase  reset  or  rapid  phase  buildup  as  described  in  Subsection 
2.1  of  this  Appendix  and  illustrated  in  Figure  6.5-3  (rapid  phase 
reset)  and  Figure  6.5-5  (rapid  phase  buildup).  If  the  slewing 
rate  over  a time  period  is  large,  the  ensuing  tracking  circuit 
will  have  difficulty  following  it.  Both  first  order  and  second 
order  filters  have  difficulty  responding  to  sharp  velocity 
changes.  The  design  equations  which  imply  the  form  of  the  above 
specification  and  which  provide  direction  for  determining  values 
of  A/p.p  and  At  and,  hence,  the  slew  rate  (^Xp.p/^t)  for 
spec  writer  are  the  following: 


m - largest  integer  in  1/p. 

T - 1/ (Stuffing  Rate) 

f^  - First  order  bandwidth  cutoff  frequency, 

p - Stuffing  ratio 

Ayp_p  in  these  equations  is  the  peak-to-peak  phase  jitter 
of  the  single  stuffing  interval  waveform  as  pictured  in  Figure 
6.5-2  and  either  the  rapid  buildup  or  reset  slew  rate  for  a wide- 
band filter  as  depicted  in  Figures  6.5-5  and  6.5-7.  For  measure- 
ment purposes  ^/p.p  also  refers  to  the  rapid  reset  rate  illustrated 
in  Figure  6.5-3;  however,  for  this  narrowband  case  the  theoretical 
equations  do  not  hold.  At  is  the  corresponding  time  interval 
between  the  maximum  and  minimum  amplitude  points  of  the  rapid 
reset  or  buildup  slew  rates.  Note  for  the  narrowband  case  as  in 
Figure  6.5-3,  there  are  several  stuffing  intervals  that  occur 
during  reset.  The  derivation  for  At  of  the  above  equation  is  no 
longer  valid.  At  must  be  measured  empirically  to  determine  the 
slew  rate. 

Equations  for  a second  order  loop  are  more  complex,  and 
program  resources  did  not  permit  the  analysis.  The  above  analysis 
was  prompted  by  the  GASP  IV  simulation  results. 

2.3.1  Measurement  of  the  Slewing  Rate  Specification 

This  measurement  is  made  using  the  setup  described  in 
Subsection  2.1.1.  Observing  the  figures  in  Subsection  6.5,  the 
slew  rate  that  is  of  interest  is  the  rapidly  resetting  or  phase 
buildup  slew  rate.  Measurement  of  the  peak-to-peak  value  as 
4iscusscd  in  Subsection  2.1.1  and  its  corresponding  At  should  be 
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used  in  the  slew  rate  specification.  For  the  wideband  case,  the 
equations  given  in  the  preceding  subsection  should  be  good 
approximations  to  the  values  obtained  from  an  oscilloscope.  The 
value  of  ^Xp.p  from  Figure  6.5-8,  which  causes  the  E-CDS  Receive 
Unit  to  bit  slip,  is  269.5  degrees.  At  is  1.1  milliseconds. 

This  results  in  a slew  rate  of  .1586°/Data  Unit  Interval. 

The  oscilloscope  measurement  for  At  can  be  related  to  the 
tributary  input  channel  data  rate  by  the  following  equation: 

Number  of  Data  Unit  Intervals  = T1 * At. 

T1  is  the  tributary  data  channel  rate.  The  number  of  stuffing 
opportunity  periods  can  be  related  to  At  by 

Number  of  Stuffing  Opportunity  Periods  * 

Number  of  Data  Unit  Intervals/bits  per 
opportunity. 

If  the  data  channel  rate  is  changed.  At  must  vary  in  order  to 
keep  the  number  of  bits  constant. 


2 . 4 Static  Data  Signal  Range  Specification 
Specification: 

The  data  signal  input  range  that  a device  should 
accept  is  defined  by  fj^  ^ ^0  ~ ^2*  ^1  ^2  lower 

and  upper  limits,  respectively,  f^  represents  the  data  signal 
range  parameter. 
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Discussion: 

This  range  is  a static  range;  there  is  minimal  slewing 
between  frequencies.  Frequencies  outside  the  range  are  charac- 
terized by  bit  slips  occurring  on  the  output  of  the  device  or 
the  following  conditions  are  violated: 

A.  Rise  and  Fall  Time 

The  rise  and  fall  time,  T^  and  T^,  respectively,  of 
the  digital  output  signal  between  the  10%  and  90% 
points  shall  not  be  degraded.  For  NRZ  or  bipolar 
outputs,  these  times  are  generally  given  in  the 
standard  multiplexer/demultiplexer  specification. 

B.  Ringing  (Data  and  Timing  Signal) 

The  standard  ringing  specification  shall  not  be 
exceeded. 

C.  Phasing 

The  standard  phasing  specification  shall  not  be 
exceeded. 

D.  Combined  Jitter  Effects  Specification 

The  combined  jitter  on  the  input  of  the  succeeding 
node  shall  not  be  exceeded  according  to  the  combined 
jitter  effects  specification  for  that  node. 

From  the  literature  search  and  document  perusal,  it  is 
apparent  that  the  internal  circuits  cannot  tolerate  all  frequen- 
cies. The  receiving  circuit  has  a limited  bandwidth.  It  is 
assumed  that  each  frequency  in  the  range  is  generated  indepen- 
dently; i.e.,  there  is  minimal  slewing  from  one  frequency  to 
another. 
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2.4.1  Static  Frequency  Range  Measurement 


Measurement: 

The  input  waveform  can  be  generated  with  a frequency 
synthesizer.  The  output  of  the  node  can  be  measured  with  a 
frequency  counter  to  determine  the  bit  rate,  oscilloscope  and 
Polaroid  camera  to  make  waveform  quality  measurements,  and  a 
phase  detector  test  fixture  for  jitter  measurements, 
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Computer  Simulation  of  Timing  Jitter  Generated  by 
A Network  of  Cascaded  Pulse  Stuffing 
Multiplexer/  Demultiplexer 


The  purpose  of  this  simulation  is  to  compute  the  phase  (timing) 
jitter  created  by  cascading  a group  of  pulse-stuffing  second 
level  multiplexer  (MUX)/  demultiplexer  (DEMUX)/ smoothing  loop 
sets.  This  simulation  will  address  a generic  system  where 
information  for  a specific  system  can  be  derived  by  establishing 
the  operational  parameters  to  be  those  of  the  specific  system. 


Statement  of  the  Problem 

The  system  to  be  simulated  consists  of  a given  number 
of  nodes  of  what  is  referred  to  as  a second  level 
multiplexer/  demultiplexer/  smoothing  loop  (MUX/DEMUX/ 
SMOOTHING  LOOP)  set.  The  best  approach  to  define  the 
problem  is  to  first  define  the  specific  hardware  and 
its  operation,  then  from  that  definition  explain  the 
problem. 


In  order  to  define  the  specific  hardware  it  is  best 
to  define  the  modifying  description  in  its  name. 

The  adjective  second  level  stems  from  its  location  in 
the  system  with  respect  to  the  transfer  of  raw  data. 
The  first  level  multiplexer  takes  24  voice  (or  voice 
equivalent  digital  data)  channels  and  combines  them 
into  a single  (Bell  T1  Data  Channel  - 1.544  MHz) 
data  system.  The  second  level  multiplexer  takes  T1 
Data  Streams  and  combines  them  into  a higher  rate 
bit  stream  (i.e.  Bell  T2  Data  Channel  - 6.312  MHz  or 
some  other  equivalent) . There  are  third  level 
multiplexers  in  the  Bell  System  hierarchy. 


The  term  pulse  stuffing  defines  a system  approach 
for  transferring  data  from  a source  through  a bit  stream 
which  is  asynchronous  to  the  source.  Basically  the 


1 

transferring  bit  stream  carries  n source  channels.  | 

The  segment  of  the  transferring  bit  stream  corresponding  | 

to  a single  source  is  plesiochronous  (almost  synchronous)  j 

to  the  source  and  operates  at  a rate  which  is  slightly 
higher  than  the  upper  range  of  the  source.  \ 


The  corresponding  segment  of  the  transferring  bit  stream 
consists  of  overhead  bits  and  data  bits.  There  are  two 
distinct  approaches  to  pulse  stuffing,  positive  stuffing 

and  positive-zero-negative  stuffing.  In  the  positive  stuffing 
approach,  the  rate  of  the  transferring  data  bits  exceeds 
the  source  data  rate.  The  difference  is  made  up  by 
injecting  or  stuffing  pseudo  bits  into  the  steam  of 
data  bits.  In  the  basic  positive-zero-negative  stuffing 
approach  the  rate  of  the  transferring  data  bits  is 
equal  to  the  nominal  value  of  the  sources  data  rate. 

If  the  source  data  rate  is  b«>ow  the  nominal  value 
the  system  operates  identically  to  the  positive  stuffing 
approach.  However,  if  the  source  data  rate  is  above 
the  nominal  value  the  difference  is  compensated  by 
removing  bits  from  the  data  bit  stream  and  transporting 
the  information  in  the  overhead  bits.  This  latter 
method  is  the  negative  stuffing  approach. 


To  continue  the  description  of  the  problem  it  is  next 
necessary  to  describe  the  operation  of  the  three 

hardware  modules -multiplexer,  demultiplexer,  and  smoothing  ] 

loop.  The  description  will  be  conducted  in  terms  of 
a single  T1  channel  since  the  operations  and  data 
transporation  of  each  T1  channel  are  kept  separate  from 
each  other.  The  first  operation  is  described  from  the 
operation  of  the  multiplexer  input  for  a given  channel. 

Each  input  has  an  individual  elastic  buffer  which  has 
data  written  into  it  by  the  source  clock  (T1  channel) 
and  the  data  is  read  from  the  buffer  by  the  multiplex 
output  clock  (i.e.  T2  channel).  For  the  purpose  of 


B-3 


this  discussion  we  will  refer  to  the  data  transport 
rate  of  the  multiplexer  as  a T2  rate.  It  will  be 
pointed  out  that  this  T2  rate  (different  than  Bell  T2 
Channel)  varies  among  the  various  multiplexer  systems 
being  considered.  The  multiplex  input  port  (i.  e.  T1 
Channel)  doesn't  vary  for  the  systems  being  considered 
here.  This  T2  rate  considers  only  the  transferring  data 
stream  data  bits.  The  overhead  bits  are  in  excess  of 
this  T2  rate.  Anyhow,  since  the  elastic  buffer  has  data 
being  written  in  at  one  rate  (i.e.  T2)  eventually  this 
operation  will  lose  or  gain  a bit.  At  this  point  it  is 
decided  that  a pseudo  bit  must  be  injected  or  a bit  must 
be  removed  to  re-align  the  phase  relation  of  the  data 
streams.  Of  course  to  do  this  manipulation  the  insertion 
or  removal  must  be  controlled  so  that  the  DEMUX  knows 
when  to  do  the  inverse  operation.  This  is  accomplished 
by  making  use  of  the  overhead  bits  to  convey  the 
"stuffing  bit"  location  to  the  DEMUX.  Therefore  after  the 
phase  relationship  is  one  bit  behind  or  ahead  an 
addition  phase  delay  results  from  this  fact.  The  delay 
between  the  actual  stuffing  requirement  and  the  overhead 
bits  which  must  transpire  before  the  actual  stuffing  is 
accomplished  results  in  "waiting-time"  jitter  since 
the  relationship  is  not  fixed. 

In  the  DEMUX  the  data  bits  are  norm'>lly  written  into  an 
elastic  buffer,  the  only  exception  being  the  stuffing 
bits.  When  the  overhead  bits  identify  a stuffing  bit 
the  clock  is  inhibited  and  the  bit  is  not  written  into 
the  buffer.  If  excess  data  information  were  carried  in 
the  overhead  bits  they  are  written  (inserted)  into  the 
elastic  buffer  at  the  correct  location  in  the  bit 
stream.  This  abruptly  discontinuous  clocking  of  the 
bit  stream  is  called  "stuffings  jitter..  We  have  just 
briefly  described  the  two  elements  of  jitter  associated 
with  a pulse  stuffing  multiplexer  system. 
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The  other  hardware  module-the  smoothing  loop- is  used 
to  generate  the  clock  that  reads  the  data  from  the 
elastic  buffer.  It  is  a phaselock  loop  which 
attempts  to  smooth  the  abrupt  discontinuities  and  other 
jitter.  It  is  ideally  intended  to  clock  out  the  data 
stream  at  a stable  T1  rate.  The  smoothing  loop  design 
should  allow  any  long-term  variation  (T1  slew  rate) 
through  to  prevent  data  overflow  or  underflow  at  the 
DEMUX  elastic  buffer.  The  only  information  available 
to  the  smoothing  loop  to  determine  T1  rate  is  the 
jittered  output  of  the  DEMUX  as  it  is  read  into  the 
elastic  buffer.  These  high  frequency  abrupt  disruptions 
are  undesirable  elements  since  they  affect  the  bit 
synchronizers  used  in  a first  level  DEMUX  to  receive 
the  T1  channels  output  from  the  second  level  DEMUX/ 
Smoothing  Loop.  Low  frequency  variation  which  do  not 
affect  the  bit  synchronizers  are  permissable.  However 
many  of  the  bit  synchronizers  presently  used  have  a 
very  narrow  bandwidth.  Ideally  the  only  slew  information 
which  needs  to  be  tracked  is  that  of  the  original  T1 
channel  input,  other  slew  is  noise  introducted  by  the 
pulse  stuffing  multiplexer  system.  The  smoothing  loop 
should  act  as  a low  pass  or  highly  overdamped  jitter 
which  only  reacts  to  low  frequency  variation  (original  T1 
channel  slew  rate) . 

To  conclude  the  statement  of  the  problem  it  is  necessary 
to  briefly  describe  the  effect  of  cascading  second  level 
MUX/DEMUX/Smoothing  Loop  sets.  This  can  be  accomplished 
by  describing  the  operation  of  the  second  hardware  set 
in  the  cascade,  more  specifically  by  describing  the 
operation  of  the  MUX  in  this  set  since  that  is  where  the 
impact  lies.  If  we  assume  that  the  T1  channel  input  is 
no  longer  a stable  source  but  rather  it  has  clock  jitter 
then  the  input  being  written  into  the  MUX  elastic  buffer 
is  being  done  with  a jittered  clock.  In  essence  this 
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jittered  clock  varies  the  rate  of  loading  of  the  elastic 
buffer  and  by  doing  so  it  could  vary  the  location  of  the 
one-bit  out-of-phase  decision  point  from  which  the  "pulse 
stuffing"  decision  is  being  rendered.  Since  the  clock  is 
jittered  about  the  long-term  T1  rate  and  the  jitter  is 
significantly  reduced  by  the  smoothing  loop  the  variation 
of  the  decision  point  is  small.  Because  the  re-adjustment 
of  clock  phase  is  not  performed  immediately  but  is 
rather  delayed  until  the  precise  location  in  the  T2 
channel  frame  arrives,  variation  may  or  may  not  be 
noticable  during  any  one  given  frame,  but  could  be  notice- 
able over  several  frames.  Therefore  the  effect  of  cascading 
could  introduce  a low  frequency  component  (i.e.  simply  an 
aggravation  of  the  "waiting- time"  jitter)  which  the 
smoothing  loop  might  not  filter.  This  effect  could  become 
worse  over  several  cascaded  sets. 

Because  this  is  a sampled  data  system  with  discrete- 
time inputs  it  is  difficult  to  formulate  an  analysis 
approach,  specifically  because  of  the  non-periodic 
discontinuous  nature  of  the  discrete-time  inputs. 

It  is  therefore  necessary  to  use  a software  simulation  to 
derive  analysis  answer  to  the  problem  of  measuring  the 
input  of  "waiting- time"  jitter  and  the  cascading  effect. 


Model  Description 


The  computer  simulation  model  can  be  described  as  an 
extension  to  the  statement  of  the  problem.  In  essence 
to  represent  each  hardware  module  set  (node)  two  major 
things  are  needed: 


a)  A discrete-event  simulation  of  the  periodic  phase 
correction  opportunities  with  a decision  criteria 
of  when  to  make  the  phase  correction. 


b)  A continuous  (either  a state  equation  or  a difference 
equation)  simulation  of  the  smoothing  loop's 
operation  on  the  phase  relationship  of  the  jittered 
signal  going  through  the  smoothing  loop  with  respect 
to  a stable  input  signal.  In  other  words  since  this 
is  a linear  system  model  (all  elements  are  additive) 
a perturbation  model  of  phase  jitter  is  a prefered 
approach  for  computational  accuracy. 


The  cascade  effect  is  modelled  by  taking  the  output  of 
the  first  node  and  making  it  the  input  to  the  second 
node,  then  repeating  the  two  element  representation  for 
the  second  node.  This  sequence  is  repeated  for  the 
number  of  nodes  to  be  modelled. 

Figure  1 is  a pictorial  representation  of  the  System 
Model  showing  two  nodes  in  cascade.  Each  node  has 
four  frequencies  of  interest.  These  are: 

a.  The  input  frequency  which  is  either  a T1  channel 
source  for  the  first  node  or  the  output  of  the 
prior  node  for  other  than  the  first  node. 

b.  The  transportation  frequency  for  synchronous 
transmission  between  node,  called  the  T2  rate 
frequency. 

c.  The  nominal  frequency  of  the  VCO  used  in  the  smoothing 
loop  for  that  node. 


frequency/node 


FIGURE 


d.  The  output  frequency  which  is  the  input  frequency 
to  the  following  node. 

The  phase  error  sampler  in  the  loop  is  driven  by  the 
T2  rate. 

In  order  to  complete  the  overall  model  it  is  necessary 
to  model  a bit  synchronizer  as  the  final  element  to 
these  cascaded  nodes.  The  bit  synchronizer  is  a 
phaselock  loop,  the  difference  is  that  the  parameter 
of  the  interest  for  the  bit  synchronizer  is  the  phase 
error  (the  output  of  the  phaselock  loop's  summing  node 
or  the  input  to  the  sample). 

Figure  2 shows  the  translation  of  the  system  model 
to  the  system  perturbation  model.  This  perturbation 
model  also  shows  a two-node  cascade.  It  is  derived 
by  setting  the  T1  rate  input  frequency  equal  to  zero 
(j^fj^*0).  This  is  the  model  that  will  be  implemented 
in  the  simulation. 


Detect 
1 Bit  A 


Simulation  Objective 

The  simulation  objective  is  to  obtain  answers  to  the 

pulse  stuffing  jitter  problems  by  conducting  simulation 

experiments  such  as  those  shown  below: 

a)  Measurement  of  "waiting-time"  jitter  for  the 

same  stuffing  ratio, p , derived  by  using  different 
values  of  frequency  of  stuffing  opportunities 
(frame  length)  vs  T2  rate  (offset  frequency) 
and  using  a single-node  and  positive  stuffing 
system. 

b)  Measurement  of  "waiting-time"  jitter  for  different 
stuffing  ratios,  p , using  a single-node  and  positive 
stuffing  system. 

c)  Measurement  of  "waiting-time"  jitter  for  the  same 
stuffing  ratio, p , derived  by  using  different 
values  of  frequency  of  stuffing  opportunities 
(frame  length)  vs  T2  rate  (offset  frequency) 

and  using  a single-node  and  negative  stuffing 
system. 

d)  Measurement  of  "waiting- time"  jitter  for  different 
stuffing  ratios,  p , using  a single-node  and 
negative  stuffing  system. 

e)  Measurement  of  overall  jitter  smoothing  for  a given 
stuffing  ratio  by  varying  the  cut-off  frequency 

of  a first-order  smoothing  loop  for  a single-node 
and  positive  stuffing  system. 

f)  Measurement  of  overall  jitter  smoothing  for  a 
given  stuffing  ratio  by  varying  the  damping  factor 
and  natural  frequency  of  a second-order  smoothing 
loop  for  a single  node  and  positive  stuffing  system. 

g)  Measurement  of  "waiting -time"  jitter  and  "cascading" 
jitter  for  a given  stuffing  ratio  using  a first- 
order  smoothing  loop  in  a two-node  positive 
stuffing  system.  This  experiment  must  be  iterated 
over  varations  in  the  phase  relationship  between  the 
stuffing  opportunities  clock  of  each  node. 

h)  Repeat  the  above  experiment  using  three  nodes 
instead  of  two.  Measure  the  "waiting-time"  and 
"cascading"  jitter  in  an  effort  to  verify  the 
postulation  that  the  impact  of  cascading  is  equal 
to  or  less  than  the  RMS  summing  of  the  RMS  jitter 
of  each  individual  cascade. 

i)  Repeat  the  above  experiment  using  two  nodes  and 
negative  stuffing  instead  of  positive  stuffing. 
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j)  Repeat  the  above  experiment  using  three  nodes  and 

negative  stuffing.  Attempt  to  verify  the  effects  | 

of  cascading  is  equal  to  summing  the  RMS  jitter  I 

as  shown  for  the  positive  stuffing  case.  | 

■|| 

k)  Repeat  the  experiment  using  multiple  nodes  and 
positive  stuffing.  Measure  the  RMS  jitter  for 
various  combinations  of  phase  relationship  between 
the  stuffing  opportunities  clock  of  each  node. 

Use  a first-order  loop. 

l)  Repeat  the  above  experiment  using  a second-order 
loop. 

m)  Add  a second-order  bit  synchronizer  to  the  simulation 
using  the  multiple  cascade  of  the  above  experiment 
and  measure  the  phase  error.  Attempt  to  determine 
the  bit  synchonizer  optimum  parameter  by  iterating 
them  during  the  simulation. 

To  conduct  the  above  simulation  experiment  it  becomes 

necessary  to  measure  the  following  parameters: 


a)  Peak  jitter  variations  to  determine  buffer 
requirements. 

b)  RMS  jitter  variation  to  determine  the  effect  of 
cascading  multiple-nodes  and  effects  of  variation 
of  jitter  parameter. 

c)  Plots  of  instantaneous  frequency  vs  time  for  the 
output  to  observe  variations  of  peak  to  peak 
frequency  jitter. 

d)  Plots  of  phase  jitter  vs  time  for  the  output  to 
observe  variations  of  peak  to  peak  phase  jitter. 

e)  Plots  of  frequency  slew  rate  vs  time  at  the  summing 
node  of  the  bit  synchronizer  to  establish  bit 
synchronizer  requirements. 
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Program  Description 

Due  to  resource  limitation  the  detailed  program 
description  has  not  been  developed.  The  basic 
simulation  has  been  developed  and  verified.  Sim- 
ulation experiments  have  been  conducted  and  results 
have  been  included  in  the  analysis  effort. 


The  simulator  is  written  in  GASP  IV  which  is  a FORTRAN  IV 
based  simulation  language.  It  consists  of  a main  program 
and  five  subroutines.  Four  of  these  subroutines  EVNTS, 
INTLC,  SCOND,  and  STATE  are  required  to  interface  this 
combined  (discrete  event -continuous)  simulation  to  the 
GASP  IV  Subroutine  Library.  The  fifth  subroutine  PHASE 
was  needed  to  support  the  EVNTS,  INTLC,  and  STATE  sub- 
routines. Figure  3 shows  the  functional  flow  inter- 
relationship between  these  user  written  subroutines  and 
the  GASP  IV  Subroutine  Library  Package.  Program  listing 
of  these  subroutines  are  included  to  complete  this  des- 
cription. 

The  software  simulation  was  implemented  to  study  the 
steady- state  performance  of  a system  with  one  to  ten 
cascaded  nodes.  Each  node  contains  a digital  phase- 
lock  loop  and  pulse  stuffing  simulation  and  the  last  node 
includes  simulation  of  a bit  synchronizer  (receiver)  as 
the  terminating  component.  Since  the  system  operates 
in  the  MHz  region,  a perturbational  node  model  was  de- 
veloped to  avoid  numerical  accuracy  problems.  The  model 
of  a node  is  a linear  model  (phase  detector,  VCO,  etc.) 
which  is  valid  for  steady-state  performance  analysis. 
Steady- state  as  used  implies  hold- in  performance  as 
opposed  to  signal  acquisition.  This  system  has  repeated 
transient  impacts  due  to  the  pulse  stuffing. 


The  'natural*  simulation  model  implementation  for  a | 

digital  phaselock  loop  fPLL)  is  a discrete  simulation;  | 

however,  the  system  is  highly  oversampled  the  PLL 

bandwidth  is  very  low  compared  to  the  sample  rate) . | 

This  condition  actually  permitted  the  simulation  model  of 
the  PLL  to  be  implemented  as  a continuous  system  defined  as  | 

differential  equations  to  provide  a faster  solution  on  the  | 

computer  with  an  identical  dynamic  response.  The  variable  i 

step  size  Runge-Kutta-England  integration  algorithm 
permitted  relatively  large  time  increments  for  integration 
after  the  transient  from  each  pulse  stuffing  activity. 

The  dynamic  equations  are  table-driven  to  permit  general- 
ized routines  for  first  or  second  order  nodes  that  are 
accessed  based  on  the  number  of  nodes  being  simulated  for 
any  one  simulation  run.  Discrete  events  in  the  simulation 
include  the  opportunity  to  advance  or  retard  the  node  phase 
and  the  periodic  collection  of  phase  and  frequency  statistics 
for  analysis  and  plotting.  Minimum  and  maximum  phase  peaks 
are  detected  which  trigger  a state-event  for  collection  of  I 

statistics  on  peak  phase  variation. 
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IF  (APF(FPR) 

C 

F ****** 

C * 

r * 

r 

ATRIP(4)  = SIGN(TP1,FRR) 

IF  (nfotN)  .EO.  0)  00  TO  onno 
A trim  (1)  = TNOH  NFO(N)  * TF(M) 

ATRIP(?)  = I 
CALL  FTI  FN(  1 ) 

RF  TURK 


TEST  FOP  I RTT  FRPOP  RFTWEEN  SOURCF  CHANNEl  AND 
Frfqiifmcy  sompof  PHASF 


- PHSRCF 

.LT.  TPT)  return 

schedule  PHARF  CORPFFTTON 

ATTRIHIITF  4 TS  THF  FORRFCTION  TO  RF  HADE 

CORRECT  PHASF  TMmfotaTFLY  IF  NFfXN)  = 0 


B-21 


I 


T 


?0,()giS7S 


PAbt 


C‘^CT'‘i 


('  »«««« 

r * 

r****** 
r * 

(*  »«*»« 

r 

■^ono  ccmtmjf 

r 

r«***** 
f 

SSC^FVMD  = S-^CMSYNC)  - aTDTfl(4> 
PFTUtvN 

r 

c ***«« 

r « 

r ****»»  STATFFVF’^T 


CTM-Jf-CT  PHttSF  OF  ^VMC  c-PFOlIFNCY  POR  NOOE  N 


r 

c 

r 


« 

« « « « « 


4000  COMTTf'MF 

RHOt.'T  = PM  >l)T  » I'lO.O  / TpT 
IF  (|F|AR(1)  ,P'),  0)  Tp  4010 

PHASF  vAvi^lJ^ 

IF  .M,  0)  COIL  ( pmpdt , n 

IF  T ,ItT,  0)  CAI.I.  COl  FT  (PWOlIT . n 

Kf  TllPF 


4010  CONITN'IIF 

IF  (IFIAPl^)  .Fn,  0)  GO  To  40?0 
PHASF  VlNiJ  Uj^ 

IF  (KiNMT*;  .‘••T, 


1)  CALL  hi<;to(Pmoiit.?) 


IF  (F-KTl  T .'iT.  1)  COL  L COl  FT  (PHOMT,?) 


40?0  COMTNilIF 
RF  TUCK 


r 

F 

F 


» «««  « 
« 


Fpf.jijFMCY  SAv/F  FWFMT 


F****«* 

F * 

C ««««« 

F 

^0nn  COKTTMIF 

FSLfc.w:  = rn;)  ( JPHSF:  ) / TDI  _ FMOOFI  / ( Tf'JO'W  - TSAVF) 

IF  (TMT  .f:o,  0)  fiO  TO  =»0lo 
IMT  = 0 

SSTPV(?,A)  = FMT)F 
SSTPV(l.Fi)  = FSLEW 
C 

SOlO  C0^TT^"IF 

IF  (N)KP|  T .FM.  n UO  TO  SlOO 
C 

F««««'»«  STUFF  OATA  fop  PIOTTT'JO 

F 

X X ( 1 > = FKU  )r: 

X»(^)  = FFLt R 
CAl  L FPI  OT  ( X*  • TSOYF.?) 
r 
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BESI  AVAIUBIF  fOPY 


?0.0'51  S7S 


PAbt. 


mno  CONTTMIF 


II- 

(K  m<;ta 

, (i  T , 

1 ) 

Call 

T Im<;  A 

(FNnnr.TSAVE  • 

?) 

II- 

(NN'TTA 

. 17  r . 

7) 

CALL 

TIm<;a 

(r«;i  fu.tsave. 

1) 

IF 

( NNH  T S 

.ljT  . 

CALL 

Hlqrn 

|PNqnF,7) 

IF 

(\N'|JIS 

• '3T  . 

7) 

CALL 

hi«;to 

(FFI  FW.O) 

PETUP^I 

EM) 

‘;t7f  ssr 


BEST.  AVAILABLE 


ftl  070 


n '-I  r^'~tr^rtnnnrtn~>n  ->  r>  inn 


?0.0  )1 


BESFAVAiaCLE  COPY 


k.- 


PAot 


C*****SliFaHrilTTNP  ['JTLC**********«**<nnnnn 
C 

MUPPnCF 

IMTTAI  system 


PE^APkc; 

CnnF  TS  [I'ACLUOEO  TO  INTTTAI  T 7F  SYSTEM  IN  STEADY  STATf' 


SUhPonRPftMS  PRY'JlPEn 

Phasf  + OASP  St)Hpp0G»Av(«; 


C«*«« »«»««««««»»«««»»««««»«««»*»««»«««»«»»««»*»««»««««««««*««»««***««««* 

c 

SUbPnilTIMF  r MTLC 


SURMO'ITIMF  date  770??1 
OiMt  ^STO^'  PSYMC  (11)  .POUT  ( i i j 


OOUP) F 
COMMom 
INAPO.NN 
P.TTCl P, 
COMMON 
lNNE(;n  .N 
COMMON 
iHhtTTL A 
COMMON 
1 (500)  .1 
2PLO( ) (Y) 
3T.NNPTS 

common 
1 PmERP( 
1 TPI.NR 


PPFCIiTON  LLAHO.LLARM.LI. 
/OrOMl/  atrip  (?5)  »,|F\/MT« 
APT  • NN A TR  . MUF  1 1.  .NNO  ( ) 00) 
TTFIN,TTRH(PS)  ,TT«;FT 
/Ort)M2/  YD  ( 1 00)  tOOi  ( 1 00) 
MFYJS.NNEYT  .SS(  ) 00)  .SSL  ( 1 

/f-.rDM3/  aaerr.dtmax.otmt 
s.ttsav 

/OCDM4/  0TPLT( 1 0) .MM|  Ow( 
LARC(P5«?).LLAflH(?s,?),l. 
.U  PlT .LLSUP ( 1 S)  ,Ll  SYM ( ) 
(10) »NNSTA.NMVAR(1o) .PPM 
/system/  iNlOOFS.NTYPP.nw? 
) 1 ) .NlFOdl)  *TS(ll)  . 

Pn,  YESTRT»''IFSTPf  MFniP.OT 


APP.l.L  AHT 

MFA ,MFE { 1 00)  «MLF ( 1 0 0)  ♦MSTnP«NCROP»N 
,NMTRY.NPpnT»PPAPM(S().4)  ,TNOt<,TTRE<» 


• OTFiil.OTNOW,  ISFFS.LFLA6  ( RO)  .wFLAb. 
00) .TTNEX 

M.OTSAV. I ITFS.LLFR«*LLSAv.I LSEVtPKt 


?S) ,HHWIO(PS) .ITCRO.IITAPflO) .JJCEL 
I APP(1 1 «?) .LLADT (?St?) ♦LI DHl ( 10) tCL 
0)  .MMDTSfNNCEL (PS) fNNCLT.NNMlbtNNPL 
T (1 0) .PPLO( 1 0) 

(11)  .OW3(  11)  ♦GATN(  1 1 ) tTAiKl  1)  ♦ 


SAN/F.OTF,  ioecsn.nspf#  INIT 


ixH  I TF  ( NPPMT  fRYOO  ) 


NNEOn  = 0 
NFCUO  = 1 

RE  AD  (NCROPf-)  NFST  7t,MFSTp.N«;pF 
■aP  ITf  (NPPmT  ♦ Y1  00  ) NFSTRT^npsTP 


««««« 


« 

»»«««« 

« 

« 

»«»«« 


RFAO  input  PftPAMFTFPS  AND  CONVEPT  TO  SIMULATION 
INPUT  FORMS 


«««««« 

* 


EMTEh  CHANNE)  PPPOtiFMCY  IN  MH7  AnO  NUMSER 
OF  MiTs  PER  OPPORTUNITY 


PE  A[)  (NTROR  ♦-)  CHP’REO.N'SPO 
♦(PITF  (NPPMTfRl  1 0 ) CmFPEO.MrpO 


«»•**« 


ENTER  NUMBER  OF  NOOFS  AND  TYPE  OF  SYSTEM 


PE  AD  (NfPOP ♦-)  NOuESfNTYPE 
PPITF (NPPNTfRl 50)  NOOFSfNTvPF 
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S f'-t 


HAbt 


? 


r 

r******  liAP <;ft«;  fop  ^ach  noof 

r 

'»U  Inno  ►'  •=  1,-m)OFS 
WWITF  (WPPMr*^*!  10  ) '4 
r 

FMTFP  data  ToamsFFO  FPFOUei'JCy  IN  MH7«  Fixtn  ntLAY 
r * IN  HIT*;  ANO  vro  nominal  Frequency  in  mhz 

c 

Hfc  AD  (WrRnD»->  F?..NFn(N)  ,F-, 

WPITF (MDPmT.9140)  F?*NFn(N».Fl 
TS(N»  = 1.1)  / * 1 .OFM 

i.)W?(M  = 1.0ES  * (F?  - CHFRPO)  « tot 
i)w3(K)  = I.OEh  * (Fi  - CHFPPO)  * tot 
C 

r******  FNTFP  sync  OHA<;f  Amo  OUTPDT  OHASt  tn  DLG 

c 

OF  All  (f  rOf)P.-)  OSYNC  (H)  ,P(tiiT  (Ml 
wFlTF  (Mpp^lT  *11  AS)  P9YNC(»U  .ooiiT  (Ml 
PSYNr(M)  = PSYNC(N)  • TOI  / lAO.ft 
pm)T(N)  = POiJT(«i)  * TPl  / i(!,n.o 
r 

r******  LOOP  HANOxdOTH  TM  HT  ANO  DAMPING  (SFCONU  OROpP  ONLY) 

r 

IF  (MTYPF  .EO.  P)  GO  TO  lOO 

c 

C FIRST  OOOPR  LOOP 

r 

Pt.  AO  rNTROP*-)  F J 
vkPITF  (MPPMT*91S0)  Fm 
»N  = TPT  * Fn 

r CliNVFRT  pa  JOKIOTH  ImPoT  To  gain  for  simulation 
GAIN(N)  = (N 
NNFOn  = NNE'JD  ? 

GO  TO  700 
C 

r s^C()^p  order  loo*^ 

r 


100  CONTTMIF 

Pt  AT)  (Mroop*-)  Fm,/FTA 
K»PI  TF  f nppmT  ,N  1 «^0  ) Fm,7FTA 
•^N  = TPT  * FN 

C COMVPPT  PANDvdlOTH  INPUT  ANO  OAMOTNG  TO  GAIN  ANO  TAU  FOR  SIMULATION 

GAjNfM  = «(  1 « IN 

TAU(M)  = ? * 7FTA  / MN 
NMFOn  = ^|^'ED.)  4.  1 

c 

?0n  CONTTM'F 

r 


1000  CONTTMIF 
r 

»«««« 
r * 

r ***♦*« 

c * 

f *«««« 

r 

r 


TRACKING  LOOP  paPAmptfps 

BEST  AVAILABLE  COPY 


onr)  nnnn  n o.">n  oo 


90, ODISTS  PAiit  3 

* ENTtP  \/C0  NOmtMAI  FOFOUENCY  IN  MH7 

PEAO (NCOnP»-)  FI 
•PITF (NPPNTfVl 70)  F3 

0W3(N)  s l.OEft  * (F3  - CHFpfO)  * TPI 

* ENTEM  LOOP  SANOWTOTH  TM  HZ  AND  DAMPING 

PtAO (NCROP*-)  FN.ZFTA 
wPITF  (NPPMT,‘yi(S0)  Fm.zETA 
ImN  = tpt  * FN 

convfpt  paho^ioth  Input  ano  oamptmg  to  Gain  and  tau  fo«  simulation 

GAIN(N)  = «N  * WN 
TAU(N)  = ? * ZFTA  / WN 
NNFOn  S NNEvJD  ♦ 2 
NNEOT  = NNEOD 


« 

♦ INITMLT7F  Sv<;tfm  f\/FMT<; 

« 

««•*« 


DO  ponn  N = i, NODES 

CALL  PHASE (NTYPF*N,NSYNC,NPMSF,NTMT.PHSYNC,PH0IIT,PMINT«PHSHC£) 
IF  (NTYPF  .EQ.  9)  GO  TO  1 100 

FIPST  OPOFP  SYSTEM 

IMT  T Al  T7F  PHASES 
SSINSYMC)  = PHSPCE  ♦ PSYNrrN) 

SSINPhSF)  = SS(NSYNC)  + PnilT(N) 

GO  TO  1900 

SECOND  OROEP  SYSTEM 

lino  CONTINUE 

IMTTAI  T7F  PHASES 

SSINSYND  = PHSRCE  PSYNriN) 

SS(NPHSF1  = SS(NSYNr)  ♦ POUTCNl 
SS(NINT)  = -i)W3(N)  / GAlNfNl 
1900  CONTINUE 

PHEWR(K.  ) = 0,0 


r 


1 


PO.OtilSTS  PAOt  4 

‘>S(NTNT)  = -nvi(N)  / GAINjm* 

IDECS^  = n 
INIT  r 1 

UTSAVF  = KHPO  * TS(NOOES)  / NSPF 
OTPLT (1 ) = OTSAVE 
OTPLT(?)  = UTSAWE 
DTF  = n.1  * TS(>)OOES) 

PETUPN' 

Qino  fopmat  ( 1 nx » 'DATA  coi.lfction  ‘;tapt<;  at  frame'«I4. 

1 IXt'AN'n  STOPS  AT  FPAMEt.T4» 

QUO  format  (///»  lox,  ITI  FPEO'IFmcv  SOllPrF  ='.1PE15.7.1X*»MHZ»/ 

1 10X,*MIMREP  of  HITS  PEP  OPPOPTlINTTY  =»«I4) 

PIPO  format (///» lOX, tSYSTFM  PAPAmFTFPS  FOP • , I 3. 1 X , ' MODES' / 

1 lOX.tAll  MOOES  ARE  TYPE'.TP.lX.tSYSTEMS') 

P130  F0PM4T(//. 10<« 'MODE'.TO) 

qi40  format ( /.I  OX. 'T?  FRFQMENCy  SOHRtF  =', lPElS.7*lX.tMH2»/ 

1 lOX.iCOPPtCTION  applied  TM  P T T f , T 3. 1 X , * OF  FRAMF*/ 

1 lOX.iVCO  MOHIMAL  FRFOUEMrY  = ' . 1 PF 1 S. 7 . 1 X . » MHZ  * ) 
qi4S  format ( /.I  OX* 'T?  INITIAL  PMASF  =* . FS. 0 « I X , ' OEG • / 

1 lOX.tMOOF  OUTPUT  PHASE  = ' . FS . ft , 1 x , » OEG ' ) 

PISO  format  (/,  1 OX* 'NATURAL  EPFoilFMCY  fFM»  =' * 1 PE  1 S.7.  1 X * ' HZ' ) 

QISO  format  (/.  1 OX* 'NATURAL  FREoiIFMCY  fFM)  =' * 1 PE  1 S . 7 . 1 X * ' HZ  • / 

1 lOX.iOAMPlNG  (ZETA)  ='*0PFS.3) 

0170  format (///• lOX* ' TRACKING  | OOP  PARAMETERS'/ 

1 10X*'VCO  NOMINAL  FRFOUENCY  = • * 1 PF 1 S. 7 * 1 X * ' MH? i ) 

0700  format  ( ' 1 ' ) 

END 


ST-xf  OSO  Olfthb 


I 

i 

1 


?0,0'ilS7S  PAbE  1 

C*****SUhPnilTTWE  SCONO************************************************** 

C 

r PUPpncp 

r DPTPCT  'MINIMUM  Awn  MAXIMUM  PMA«;F  peaks  at  last  node  in  CASCAOt 

r 

C REMARKS 

C PHASE  PIN  AND  MAX  DETECTED  WITHIN  TWO  DEGREES. 

C 

r SUBPROGRAMS  required 

C GASP  subprograms 

r 

SUBRniJTTNE  SCOND 

r 

r.  SUBROUTINE  DATE  7701  in 

C 

COMMON  /GCOMl/  ATrtIfl(?S)  » .lEWNT  . ME  A . MEE  ( 1 00 ) *mLE(1  00)  ♦ MSTOP  ♦ NCROR  # N 
1NAP0.NNAPT»NNATR*NNEIL»NN0/1 00) .MMTRY»NPRNTtPPARM (S0*4) .TNOW.TTREG 
?f TTCl R.TTEIN,TTRI8(?S) *TTSFT 

common  /GCOM3/  00(100) *001(100) .nTEUL*nTN0W*ISEES«LELA6(Sn) ♦NELAG* 
INNEOn.NNEOS.NNEQTfSSd  00)  .SSL  (I  00)  .TTNEX 
COMMON  /SYSTEM/  NOOES.NTYPF.nw? ( 1 1 ) .nW3 ( 1 1 ) .GAIN ( 1 1 ) *TAu ( i 1 ) » 

1 PHERRl 1 1 ) .NEDf n ) •TSt  II)  . 

1 TPl ,NPPO,NESTPT*NFSTP.NErUR.OTSAVE,nTE* IOECSN.NSPF* INIT 
C 

GO  TO  {inn*»?oo),  ntype 
c 

100  CONTINUE 

c first  opofr  system 

NPHSE  = ? * NODES 
GO  TO  300 
POO  CONTINUE 

c second  order  system 

NPHSE  = 3 * NODES  - 1 
300  CONTINUE 

LFLAGfl)  = KROSS(-NPHSE.O.n.O,-T.100.0) 

LFLAG(?)  = KROSS (-NPHSE.0 . 0. 0. 1 , 1 00.0 ) 

C 

return 

END 


SI7F  70  00106 


1 


I 

i 


f 


I 


1 

BEST  AVAIUBIE  COPY 
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A 


?0.()'ilS7S  PMbE  1 


C#****SOHROliTTMF  ST  A TE************************************************** 

r 

r Puf^PosF 

C CAiriMATE  SYSTEM  STATE  nFPIVATTVFS 

r. 

C.  PEMAPKS 

r tmf  system  is  a cascade  of  nodes  followed  by  a tmacktno  loop, 

C AM  modes  in  cascade  AQF  THE  SAME  TYPE  (FIRST  DR  StCOND  ORDER). 

C The  tracking  LOOP  IS  A SFCONO  order  LOOP, 

c 

C SUBPOORPAMS  REDOIRED 

C NONE 


C 

c***«*««*«««««»««*»************»»«***»»»»««»«»«*«»*«»»»«**««*»«««*««»*»* 

c 

SUBROUTINE  STATE 
C 

f SUHROlITTNE  OATF  770PP1 

r 

COMMON  /OCOMl/  atrip  (PS)  ..lEVMT  .MEA  .MEE  ( 1 00)  .MLE  (1  00)  . MStOP . NCRDR  . N 
INAPO.NNAPT.NNATR.NNFIL.NNOM  00) .NNTPY.NPRNT.PPARM(50*4) .TNOW.TTBEG 
2.TTCI R.TTFIN*TTRIH(?S) .TTSFT 

COMMON  /GCOM2/  OO(lOO)  «DO|  (100)  . OTEOL  . OTNOW  , I SEES  . LEL  AG  (SO ) .NFLA(>t 
INNEQO.NNEOS.NNEQT.SSMOO)  .SSL(IOO)  .TTMEX 
COMMON  /system/  NODES. NTYPP. DW?(n  ) .0W3(  1 1)  .GAIN(  11)  .TAim  1)  . 

1 PHERRMI  )»NED(11)  ,TS(ll)  . 

1 TPI .NPPO.NFSTPT.NESTP.NFrilP.OTSAVE.OTE. IDECSN.nSPF.INIt 
C 

C ***»»  j 

c * i 

c******  SOLYE  FIRST  OP  second  ORDER  SYSTEM  EQUATIONS 

C * EOR  ALL  NODES 

C * 

«*»«« 

C 

IF  (NTYPE  .EQ.  ?)  GO  TO  1 000 

r 

C******  FIRST  ORDER  SYSTEM  roOATlONS 

C 

DO  100  N = l.NODES 
NSYNC  = ?*N  - 1 
NPhSE  = NSYNC  * 1 
PHERR(N)  = SS(NSYNC)  - SS(NPHSE) 
l)O(NSYNC)  = ')W?(N) 

DO(NPHSE)  = GAIN(N)  * PHEPRIN)  ♦ DW3(N) 

100  CONTINUE 
C 


GO  TO  POOO 


r>oo  r)r>oor>r>r> 


PO.O**  1S7S 


PAoE 


? 


I)O(NPH^F)  = GAIN(N)  • <TA||(M)  * OMrpQ(M)  ♦ SS(NTNT))  ♦ nwi(N) 
OOCNTNT)  s PHPPPIN) 

1100  CONTTNtJF 


* TPACKInG  LOOo 


?noo  ConTja'hf 


SET  UP  POINTfP*;  FOD  TPACKING  LOOP 


N = NOPFP  ♦ I 
NINPUT  = nPHSF 
NPHSF  = NNEOO  - 1 
NINT  = NNFOO 

PHEPR(N)  = SS(NINPUT)  - SPINPHSFl 

OIXNPHSF)  = GAIN(N)  * (TAilfN)  * PHFRP(N)  ♦ SS(NINT))  ♦ nw-^lN) 
OD(NTNT)  = PHFRP(N) 

RETURN 

END 

ST7F  OOAll 


BESr  AVAILABLE  COPY 
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idiiiiiiliiSA 


?0.0<J1S7S 


PAut 


\ 


r»***«SUHWOHT  TMF  ^HASF «»»*«•*»»»•••*»««••••••«»•*••••*•••••*• •••*«••••«• 

c. 

r PURPOSE 

r UFTFRMiMt-:  POINTERS  ANO  TURRFmT  VALUES  FOR  NOOF  SYNC  AND 

C OUTPUT  PHASE  RASFO  ON  TvPF  OF  NOOF  AND  NODE  NUMHER 

C 

c SUHPOOPRAMS  REOUlREn 

r nonf 

c 

c»««*«**«««»«***»»»»*»**«*»*»«****««««»»«**«««*»**»«»«**«**«*«»*«««*«««« 

c 

SUbPnilTTNF  phase  (NTVPF.NOoF.NSYNr.NPHSEtNINT,PHSYNC.PHO||T.PHlNT. 

1 PHSRCFI 

SUhROtiTTNF  OATF  7f»l?14 

COMMON  /OrOM<»/  00(100). DOl  noo)  .nTFi||..OTNOW«ISFFS»LFLAG/SO»  .NFLAO, 
INNCtin.NNFOS.NNFOT.SS  (100)  .SSI,  ( 1 ort)  .TTNFX 

PHSRCF  = 0.0 

GO  To  (100. POO).  nTypf 

first  orofr  system 

100  CONTTNflF 

NSY^i^  = ? * NOOE  - 1 
NPHSF  = MSYNC  ♦ I 
NSRCF  = MSYNC  - 1 
PHSYNC  = SS(NSYNC) 

PHOUT  = SS(NPHSE) 

IF  (NSRCF  .GT.  0)  PHSRCE  = SS(NsorE) 

RETURN 

secono  order  system 

?0  0 CONTTNIJF 

nSYNC  = 0 * NODE  - ? 

NPHSF  = MSYNC  ♦ 1 
NSRCr  = MSYNC  - 1 
MINT  = MPHSt  + 1 
PHSYnC  = SS(NSYNC) 

PHOUT  = SS(NPHSE> 

PRINT  s SS(NINT) 

IF  (NSPCF  .oT.  0)  PHSRCE  = SS(MSPrF) 

RE  turn 
r 


m AVAiUBL^ 
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APPENDIX  C 

DATA  SHEETS  FOR  EXPERIMENTS  PERFORMED  IN 
PHASE  II  - TEST  AND  EVALUATION 


The  data  that  appear  in  this  Appendix  were  collected  during  the 
test  and  evaluation  phase  of  this  study.  These  readings  were  taken  directly 
off  the  equipment  located  in  the  second  level  multiplexer  simulator  test  bed 
facility.  The  reader  is  referred  to  Subsection  6.3  for  a description  of  the 
test  setup  and  equipment  configuration.  These  data  were  used  in  Subsection  6.4 
to  describe  and  explain  the  thirteen  experiments  performed  for  this  study. 

There  are  15  tables  that  appear  in  this  Appendix.  Each  table(s) 
corresponds  to  an  experiment  in  the  test  matrix,  which  was  described  in  Sub- 
section 6.2. 


T)  a: 
c 

CD 


^ (O  (/) 

0)  a>  <u 
4->  o-  a; 
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V) 
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(O 
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■o 
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<u 
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»- 

■o  t: 

C ' 

«T> 

o 

4.- 

<o 
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